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Abstract The purpose of this study is to quantitatively
evaluate the impact of endovascular repair on aortic hemody-
namics. The study addresses the assessment of post-operative
hemodynamic conditions of a real clinical case through
patient-specific analysis, combining accurate medical image
analysis and advanced computational fluid-dynamics (CFD).
Although the main clinical concern was firstly directed to the
endoluminal protrusion of the prosthesis, the CFD simula-
tions have demonstrated that there are two other important
areas where the local hemodynamics is impaired and a dis-
turbed blood flow is present: the first one is the ostium of
the subclavian artery, which is partially closed by the graft;
the second one is the stenosis of the distal thoracic aorta.
Besides the clinical relevance of these specific findings, this
study highlights how CFD analyses allow to observe impor-
tant flow effects resulting from the specific features of patient
vessel geometries. Consequently, our results demonstrate the
potential impact of computational biomechanics not only on
the basic knowledge of physiopathology, but also on the clini-
cal practice, thanks to a quantitative extraction of knowledge
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1 Introduction

Thoracic endovascular aortic repair (TEVAR) is a minimally
invasive approach for the treatment of thoracic aortic disease,
such as dissections! or aneurysmsz; the treatment consists
of the deployment of one or more stent-grafts, i.e., metallic
tubular wireframe covered by a Dacron skirt, to divert the
blood flow.

Although its long-term results are still controversial [6],
TEVAR has been rapidly adopted into clinical practice.
Similar to other endovascular approaches, the outcomes of
TEVAR rely on an appropriate balance between the biome-
chanical features of the prosthesis and those of the target vas-
cular anatomy. This is difficult to achieve, as demonstrated
by the frequency and variety of device-related complications
(device compression, invagination, misaligned deployment,
and kinks or aortic perforation). Obviously, anatomical com-
plexity continues to be the most important reason for early
and late stent-graft failure. In particular, one of the extrem-
ities of the device lands at the level of the aortic arch; due
to the stiffness of the stent-graft, very angulated arches may
cause a reduction in the area of contact with the aortic wall.
Specifically, the lack of apposition of the device to the aor-

! Delamination of the vessel wall layers creating a false lumen, which
results in an undesired alternative path for the bloodstream, normally
flowing through the native true lumen.

2 Abnormal, local enlargement of the vessel diameter.
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tic wall along the inner curvature of the aortic arch results in
the so-called bird-beak configuration, which is the radiologic
detection of a wedge-shaped gap between the undersurface
of the stent graft and the aortic wall [24].

The clinical literature discussing the incidence of bird-
beak effect and its impact on procedure outcomes is very
heterogeneous and somehow contradictory [3,12,13,21]. In
particular, the retrospective study of Ueda and colleagues
[24] suggests that the presence of bird-beak configuration
after TEVAR for a pathologic aortic arch condition is sig-
nificantly correlated with the risk of endoleak® occurring at
the proximal landing zone* or from left subclavian artery.
Furthermore, the longer the bird-beak length, the higher the
risk for endoleak formation. These conclusions have been
recently reconsidered by Kasirajan et al. [13] who, however,
underline that bird-beak is not desirable because of the loss
of sealing zone within the aortic neck and of the abluminal
graft surface exposure to the force of the bloodstream.

All these clinical concerns call for a quantitative analysis
of post-operative aortic hemodynamics and its correlation
with outcomes. In this study, we investigate a real clinical
case presenting a bird-beak configuration after TEVAR. We
perform computational fluid dynamics (CFD) analysis on
the patient-specific vascular models derived from medical
images. We discuss the results and establish some compar-
isons with similar cases investigated in the literature. We also
present a preliminary comparison of the numerical results
with the real blood flow measured by magnetic resonance.

2 Material and methods

In the following we illustrated the adopted workflow, high-
lighting, in particular, how we generate the computational
domains from medical images regarding the specific clinical
case under investigation.

2.1 Clinical summary and medical imaging

The patient is a 51-year-old male suffering hypertension
and having an asymptomatic post-dissecting thoracic aor-
tic aneurysm with a maximum diameter of 6.1 cm. Given his
condition, the patient was selected for endovascular exclu-
sion of the aneurysm using two cTAG stent-grafts (con-
formable TAG, W.L. GORE & Associates. Inc., Flagstaff,
Arizona, USA), sized 34-34-20 and 28-28-15 mm, with

3 An endoleak is a persistent blood flow within the aneurysm sac
after endovascular aortic repair; different types of endoleaks (I-1V) are
described.

4 Vascular region corresponding to one of the stent-graft extremities,
where the adhesion between the prosthesis and the vessel wall is essen-
tial to guarantee the implant stability.
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Fig. 1 Multislice computed tomography with intravenous contrast
agent administration. Thin-slab maximum intensity projection shows
bird-beak configuration. At proximal end, the stent-graft has an imper-
fect apposition to the lesser inner curve of aortic arch, resulting in a
wedge-shaped gap (see red arrow) between undersurface of the stent-
graft and aortic wall

the proximal landing zone covering the origin of the left
subclavian artery. At 6 month follow-up, imaging showed
successful exclusion of the aneurysm without endoleak but
the post-operative multislice computed tomography (MSCT)
scan showed a bird-beak configuration of the proximal pros-
thesis as depicted in Fig. 1. Further collection of clinical data
and medical images has been performed also one year after
the intervention. In particular, magnetic resonance imaging
(MRI) was performed using a 1.5-T unit with 40-mT/m gra-
dient power (Magnetom Sonata Maestro Class, Siemens,
Erlangen, Germany) and a four-channel cardio-thoracic coil.
Electrocardiographically-triggered free-breathing through-
plane and in-plane phase-contrast (PC) sequences was per-
formed for phase-velocity mapping of aortic and branches
flow with following technical parameters: TR/TE = 4/3.2
ms, thickness 5 mm, velocity encoding from 150 to 350 ms,
and temporal resolution 41 ms.

2.2 Image processing: segmentation and reconstruction of
aortic lumen profile

One of the key steps of our study is the analysis of vascu-
lar anatomy before and after the implant. For this reason we
have performed an accurate image processing of two MSCT
datasets: (i) pre-operative scan performed few days before
the surgery; (ii) post-operative scan performed few days after
the surgery. The goal of this step is twofold, consisting of:
(i) evaluation of the anatomical changes induced by the pro-
cedure; (ii) generation of the computational grid to be used
in the CFD analyses.

MSCT was performed using a 16-slice unit (150 mAs, 110
kVp; acquisition thickness 5 mm, pitch 1.5; reconstruction
thickness 1.2 mm), before and after intravenous administra-
tion of 100 mL of iodinated contrast material; the contrast-
enanched scan started after the arrive of the contrast in aortic
arch.

The comparison between pre- and post-operative graft-
vessel configuration relies on a precise assessment and recon-
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Fig. 2 3D reconstruction of Pre-operative

Post-operative Comparison

pre-operative (left panel) and
post-operative aorta (middle
panel). The comparison between
the two configurations is shown
in the right panel where the
point-wise distance between the
post- and pre-operative
configuration is depicted

_;__;___View1
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struction of the 3D profile of vessel lumen, thrombus, and cal-
cifications. Obviously, the segmentation of the post-operative
case should include also the stent-grafts. For this reason,
according to the approach proposed in [2], we perform the
image segmentation of the two MSCT datasets using the
open-source software ITK-Snap [25] obtaining the 3D recon-
structions depicted in Fig. 2.

The resulting 3D model can be exported in stereolithogra-
phy representation (STL format), which can be subsequently
elaborated for the purpose of CFD simulation. Given the goal
of the study, the 3D reconstructions of thrombus, calcifica-
tions and stent-grafts have been included in the model just
for visualization. In fact, we are mainly interested in the sur-
face defining pre- and post-operative aortic lumen in order
to define the volume domain for CFD analysis as described
in Sect. 2.4.

Using the pre- and post-operative 3D lumen profiles, we
have performed a preliminary analysis to evaluate the change
induced by the graft apposition. First, we have registered the
post-operative lumen profile onto the pre-operative one using
the module vmtkicpregistration, available within the library
Vascular Modeling Toolkit (VMTK-http://www.vmtk.org).
In a second step, we have measured the point-wise distance
between the two surfaces using the VMTK module vmtksur-
facedistance.

The results of such a preliminary analysis, depicted in
Fig. 2, show that the proximal graft protrudes into the lumen
at the level of the inner curvature of the arch (i.e., a bird-beak
effect is actually present), but also partially occludes the left
subclavian artery (see details reported in the box View 1 of
Fig. 2).

Following the definitions proposed by [19], we have also
measured two main quantities resuming the geometry of the
protruded graft: (i) the protrusion extension, defined as the

[ (RERRRTRRRTRRTRRRTRRRTNRY
Thrombus 0 25 5 75 q!! mm]

length of the graft protrusion not in contact with the aortic
wall; (ii) the angle ¢ between the tangential direction to the
inner wall of the aortic arch and the protruded segment of
the graft wall. We have performed such measurements using
the tools available in Osirix (Www.osirix-viewer.com) and in
particular exploiting the 2D multi-planar reconstruction to
select the cutting plane corresponding to the maximum graft
protrusion extension.

Moreover, the distal prosthesis, at the level of the lower
descending aorta, is unable of opening completely the “steno-
sis” of the true lumen induced by the false lumen and already
present in the pre-operative case (see details reported in the
box View 2 of Fig. 2). In fact, assuming as a reference the
lumen area of the upper thoracic aorta, prior to the inter-
vention the “stenosis” is around 87 % while after the graft
apposition is equal of 65 %; this means that the interven-
tion contributes to the enlargement of the true lumen but the
“stenosis” remains significant, i.e., > 50 %.

2.3 The CFD cases

Our study is directed to assess global hemodynamics condi-
tions of the overall aorta, as well as of three specific aortic
regions, namely: (i) the inner part of the aortic arch, where the
bird-beak drawback is evident; (ii) the partially covered entry
of the left subclavian; and (iii) the distal part of the thoracic
aorta characterized by a significant lumen narrowing.

We have also exploited the capability of computer-based
simulations to explore what-if scenarios; thus, our study is
based on three different CFD analyses, each of them based
on a specific aortic lumen configuration:

— case A: pre-operative lumen;
— case B: as-is post-operative lumen;
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— case C: post-operative lumen without “stenosis” of the
distal thoracic aorta.

The latter case, i.e., virtual no-stenosis case, is obtained fic-
titiously enlarging the distal “stenosis” in order to create a
smooth tapered profile of the thoracic aorta. We perform such
a modification keeping the original centerline of the stenotic
vessel tract and using it as a rail for the sweeping of circu-
lar sections, having a variable diameter accomplishing the
vessel tapering. This modification aimed at investigating a
virtual scenario where lumen narrowing would be mitigated
or resolved during the endosurgery.

As we have pointed out in the introduction, we pursue
two main goals, (a) a comparison between the pre- and post-
operative configurations (cases A and B), and (b) a com-
parison between the real and the virtual non-stenotic post-
operative (cases B and C). In pursuing (a), our main con-
cern is on the flow in the aortic arch and the effects of the
bird-beak. For this reason, in case A we do not include the
descending aorta tract. As a matter of fact, the latter features
the presence of the false lumen and of one entry tear. This
is by far complicating the simulation in this part, which is
however out of our region of interest.

On the contrary, in comparing case B and C we are con-
cerned with the analysis of the impact of the distal “stenosis”,
so we keep the descending tract in the region of interest.

2.4 Mesh generation, numerical model, and simulation
process

Numerical simulations have been carried out by solving
the incompressible unsteady Navier-Stokes equations in the
region of interest, hereafter denoted by §2. We have assumed
a Newton rheology - i.e., we assume a constant viscosity -
which is commonly considered correct for large and medium
size vessels [10]. Let u(x, y, z,t) and p(x, y, z, t) be blood
velocity and pressure, respectively, p the constant blood den-
sity and p the viscosity. Then the Navier-Stokes equations
read

u
,OE+p(u-V)u—V-(u(Vu+VTu))+Vp=O
V-u=0, (1)

for x,y,z € 2 and 0 < ¢t < T where T is the duration
of the time interval of interest. These equations need to be
completed by suitable initial and boundary conditions. The
initial conditions are null velocity and pressure fields, cor-
responding to fluid at rest. As for the boundary conditions,
we distinguish three types of boundaries. Since in this case
patient-specific data are not available, we retrieve data from
physical considerations (for the wall and stent struts) or from
the literature (for the inflow/outflow sections), as discussed
in the following.
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Fig. 3 Computational domains for the three investigated cases. The
flow extensions are highlighted in light red, while the reference sec-
tions for both the inlet and outlet conditions are highlighted in blue and
labeled as follows: Inlet corresponds to the inlet section of the ascend-
ing aorta; Out I corresponds to the outlet section of the brachiocephalic
trunk: Out 2 corresponds to left carotid artery; Out 3 corresponds to left
subclavian; and Out 4 corresponds to the thoracic aorta

1. We prescribe null velocity on the luminal, embedding the
trace of endografts, assuming that the stented artery is
rigid. Despite such an approach is commonly adopted in
literature, a more accurate model would include the inter-
action of fluid and structure, but the computational costs
would be significantly higher and the accuracy advan-
tage questionable because the structural model for the
arterial wall (differently from the blood model given by
the Navier-Stokes equations) is affected by several uncer-
tainties.

2. On the inflow section, depicted in Fig. 3, slightly distal
to the aortic valve, we prescribe flow rate by selecting a
velocity profile yielding at each instant the flow wave-
form considered in [17].

3. On the outflow sections, depicted in Fig. 3, we have
prescribed conditions based on a classical three ele-
ment Windkessel modeling of the distal circulation. This
means that the peripheral impedance at each outflow sec-
tion is represented by two resistances Rj and R, and one
compliance C (RCR model). The specific values of those
parameters are taken from [14].

It is worth reminding that the region of interest 2 was artifi-
cially extended by inserting at the boundary sections cylin-
drical regions called flow extensions [17]. The role of these
regions is to reduce the impact of modeling choices and
uncertainties in the boundary conditions on the numerical
results in the region of interest. Flow extensions have been
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Table 1 Mesh details for each investigated case: (A) pre-operative; (B)
as-is post-operative; (C) post-operative without distal “stenosis”

Case Nodes Elements DOFs

A 258,115 1,545,810 5,669,890
B 1,219,858 6,659,921 24,859,195
C 883,994 5,375,521 19,662,539

DOFs degrees of freedom

added to 2 with the open source library Vascular Modelling
ToolKit [1] as highlighted in Fig. 3.

It is worth noting that the same values of R, R, and C
are adopted for all the cases; this assumption can be justified
also for case A, where the distal part of the thoracic aorta is
not included in the computational grid, under the hypothesis
that the excluded vascular tract has a low impedance when
compared with the imposed RCR boundary condition.

Numerical simulation is based on the finite element
method. In this paper we use tetrahedral elements, which
are particularly versatile and suited for complex geometries
like the considered ones. Mesh generation is carried out using
the tools available in the VMTK library. The details of the
mesh for each investigated case are reported in Table 1. The
problem is solved over five heart beats, arguing that the solu-
tion computed in the last heart beat reliably approximates
the periodic pulsatile conditions. To perform the simulations,
we use the open-source C++ library LifeV (www.lifev.org),
developed by some of the authors in a collaborative project
including EPF Lausanne, Politecnico di Milano, INRIA Paris
and Emory University. As a trade-off between accuracy and
computational costs, we use mixed P1bubble-P1 elements,
providing piecewise continuos linear interpolation enriched
by a cubic bubble for the velocity, and piecewise continuos
linear approximation for the pressure.

3 Results

When analysing the numerical results, we focus our attention
on certain relevant time instants of the cardiac cycle and spe-
cific regions of the aorta. More precisely, we select three time
instants in the following expressed as fraction of the cardiac
cycle: (i) T1 = 0.1T, the point of maximum acceleration of
the blood flow; (ii) T2 = 0.2T, the systolic peak; (iii) T3 =
0.3T, the point of maximum deceleration of the blood flow.
Following the presentation of the three cases in the previous
section, we focus on the three regions of interest: (i) the inner
part of the arch for cases A and B; (ii) the entry of the left
subclavian artery for cases A and B; and (iii) the distal part
of the thoracic artery for cases B and C.

After a brief summary of the results regarding the analysis
of the post-operative lumen configuration, we report in the

following the analysis of each numerical output (blood flow
velocity and pressure) in each investigated case.

3.1 Analysis of the vascular geometry

For the case under investigation, the protrusion extension of
the graft 1.55 cm while the angle ¢ between the tangential
direction to the inner wall of the aortic arch and the protruded
segment of the graft wall is almost 51°.

3.2 Velocity streamlines

Numerical simulations compute u and p of (1). As a matter
of fact, velocity and pressure are the so-called primitive vari-
ables in the Navier-Stokes equations. For the sake of a better
understanding of the results, post-processing procedure may
compute secondary variables that depend on velocity and
pressure. For instance the velocity streamlines, i.e., the lines
whose tangents correspond at each instant and at each point
with the velocity, provide an effective visualisation of blood
dynamics.

3.2.1 Pre-operative (case A) versus post-operative (case B)

The pre-operative aortic arch shows a sharper angle than in
the post-operative case B, leading to more pronounced dis-
turbance in the flow.

The streamline path for this case highlights three interest-
ing effects in the regions of interest, contoured by a red box
in Fig. 4:

1. the stent-graft produces two bluffs: one at the location
of the bird-beak and the second at the end of the aortic
arch. Such bluffs induce boundary-layer flow separations,
resulting in a disturbed flow in the arch;

2. the graft protrusion into the arterial lumen at the level of
the aortic arch produces also a significant occlusion of
the left subclavian artery, resulting in a backward facing
step geometry of the lumen profile; this produces vortical
structures in the flow, clearly not present in the other two
supra-aortic branches (i.e., in the brachiocephalic trunk
and in the left common carotid artery);

3.2.2 As-is post-operative (case B) versus post-operative
without stenosis (case C)

The stenosis of the distal thoracic aorta due to the compres-
sion of the true lumen by the false lumen has an evident local
effect on the blood flow; in fact, as highlighted by Fig. 4, a
strong velocity increase and flow disturbance are present. We
will see however that these effects have only a local nature,
and that at the systemic level the stenosis is not introducing
significant changes in the flow distribution.
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Fig. 4 Velocity streamlines for each investigated case. The corre-
sponding velocity magnitude (cm/s) is used to color each streamline

The pattern of streamlines in case C suggests that the
stenosis of the distal thoracic aorta has no effect on the arch
hemodynamics. At the same time, it is evident that the recov-
ery of a smooth, physiological lumen profile eliminates the
flow disturbance in this region highlighted by the results of
case B.

3.3 Pressure

Figure 5 depicts the pressure distribution along the aorta at
the systolic peak for the three investigated cases. For both
post-operative configurations, i.e., case B and case C, it is
possible to notice that the implant induces a significant pres-
sure drop, i.e., almost 10 mmHg, at the entry of left subcla-
vian, due to the graft protrusion which is partially occluding
the branch. Indeed, the bird-beak effect and the stenosis result
in a significant reduction of lumen patency and therefore in
an increase of the pressure drop (by the Bernoulli’s Principle,
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Case A Case B Case C

Fig. 5 Contour plot representing the distribution of blood pressure
(mmHg) along the aorta in the three investigated cases at the systolic
peak

Frontal View

Frontal
View

Fig. 6 Contour plot of the pressure (mmHg) distribution along a cross-
section in the bird-beak region for case B

aka Venturi’s effect). Instead, the pressure field is smooth in
the brachiocephalic trunk, in the left common carotid artery,
and in the aortic arch as in the pre-operative case. It is worth
noting that in case B the stenosis induces a higher overall
pressure with respect to the case with no stenosis. The global
variation of pressure is in the order of 5 mmHg.

This comparison shows clearly that the removal of the
lumen narrowing mitigates significantly the local pressure
drop, which is in the order of 15 mmHg, as visible in the
as-is post-operative configuration. Additionally, in Fig. 6 we
report a virtual cross-sectional cut of the arch at the level
of the bird-beak. The image, showing the contour plot of
the pressure in this section, clearly reveals that a transmural
pressure load difference (of almost 10 mmHg) exists between
the undersurface and the luminal surface of the graft. This
result confirms an observation reported in [19] highlighting
a potential risk of graft infolding or collapse in that region.
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Fig. 7 Flow-split curves for
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3.4 Flow-split

One of the concerns regarding the hemodynamic changes,
induced by the endovascular implant in the aortic arch, is the
potential deviation from physiologic conditions of the blood
flow and the related supply to the supra-aortic branches. For
this reason, we have computed the flow-split, i.e., how the
inlet flow is divided among the outlet branches, for each
investigated case. The results of such an analysis are reported
in Fig. 7; they suggest that the three investigated configura-
tions have only a minor impact on the global distribution of
the inlet flows among the branches. If we focus on the flow-
split between the supra-aortic vessels and the thoracic aorta,
represented by the top plots in Fig. 7, we can observe that
the two post-operative configurations are basically equiva-
lent. In both cases, at the end of the diastolic phase, the flow
in the thoracic aorta becomes negative (i.e., flow is directed
towards the heart), while at the same time the supra-aortic
branches have an over-supply of flow resulting from the sum
of the inlet flow and the thoracic flow; we believe that such a
phenomenon is indeed induced by the bird-beak. Neverthe-
less, the difference between the post-operative cases and the
pre-operative one is appreciable only in early systole. These
considerations are also confirmed by the values of flow-split
averaged along the cardiac cycle and reported in Table 2.
From this data, we can observe that the ratio of flow in the
supra-aortic branches to flow in the thoracic aorta is basi-
cally 40/60, while the brachiocephalic trunk is absorbing the
main part of the supra-aortic flow. This ratio is slightly dif-
ferent from the healthy situation, where it is assumed a ratio
of 24/76 [18]. It is worth noting that the total outflow curve
is perfectly superimposed to the inflow curve, indicating that

Table 2 Flow-split analysis for each investigated case: (A) pre-
operative; (B) as-is post-operative; (C) post-operative without distal
stenosis

Cases A B C

Ascending (Inlet) 100 % (89.5) 100 % (89.5) 100 % (89.5)
Brachiocephalic 20.3 % (18.2)  20.4 % (18.3)  20.3 % (18.2)
Left carotid 9.2 % (8.2) 9.3 % (8.4) 9.4 % (8.4)

11.4 % (10.2)
40.9 % (36.7)
59.0 % (52.8)

11.4 % (10.2)
41.3 % (37.0)
58.6 % (52.5)

11.4 % (10.2)
41.2 % (36.8)
58.8 % (52.7)

Left subclavian
Total supra-aortic

Thoracic

The flow of each aortic branch over the entire cardiac cycle is reported
as % of the ascending flow and also as absolute value (ml/s) between
round brackets

the numerical solution accurately fulfils the incompressibil-
ity constraint required by the Navier-Stokes equations.

4 Comparison of numerical results with in-vivo flow
measurements

As previously mentioned, the study of hemodynamics in
patient-specific cases can support the diagnostic process and
medical treatment planning. However, for a reliable simula-
tion, not only the geometrical domain, but also the considered
boundary conditions (BCs) need to be patient-specific; the
retrieval of patient-specific inlet and outlet BCs represents
a very critical aspect. We perform a preliminary validation
of our simulation predictions, comparing them with the flow
measurements performed on the patient under investigation 1
year after the intervention (follow-up data). In particular, we
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Fig. 8 Comparison with MRI data: the velocity magnitude is high-
lighted. On the /eft, the simulation results of the whole aorta are shown;
on the right, the simulation results are qualitatively compared with mag-
netic resonance images in specific areas: a left carotid and subclavian
arteries; b bird-beak zone; ¢ descending aorta

perform another CFD simulation accounting for the lumen
profile obtained by the follow-up MSCT, and imposing as
inlet BC the flow measured by magnetic resonance through-
plane PC sequences. We stress that the boundary data provide
the flow rate, whilst the mathematical model would need the
point-wise measurements of velocity. For this reason, these
data have been called to be “defective” [10]. There are sev-
eral ways to fill the gap between the available data and the
mathematical requirements. Here we follow the simple strat-
egy of prescribing an arbitrary (yet easy) velocity profile
fitting the available flow rate. In this case, we select a flat
velocity profile. It is worth pointing out however that this is
not a patient-specific choice. The only patient-specific data
included is the flow rate as described in Sect. 2.4, with the aim
of comparing the obtained outflows with the data provided
by the MRI. In particular, we compare the computed blood
velocity and flow rate at the different aortic branches with
the in-vivo measurements. In Fig. 8 a qualitative comparison
between CFD analysis outcome and velocimetry measure-
ments is presented. It is possible to observe clearly on both
the left carotid artery and left subclavian artery (zoom A
in Fig. 8) the Ventury’s effect, and following the bird-beak
(zoom B in Fig. 8) a wake with a possible flow separation.
As well, a wake may be observed downstream of the “steno-
sis” (zoom C in Fig. 8) but that effect is less pronounced on
the MRI. We notice however that the velocity represented in
the MRI is a planar projection of a 3D vector, so we cannot
exclude that another projection could show evident wake.
InFig. 9 we compare the MRI and the simulation outflows.
The results are not exactly matching but they are of the same
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Fig. 9 Comparison of the numerical outcomes (red solid line) with
MRI through-plane PC data (blue soils-dotted line). From top to bot-
tom, flow profile in the brachiocephalic artery, left carotid artery, left
subclavian artery, and descending aorta
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order for the brachiocephalic trunk, the left carotid artery and
the descending aorta. However, for the left subclavian carotid
the flows differ significantly. As previously mentioned, the
outflows are not patient-specific and the RCR values are taken
from the literature. Additionally, for the particular case of the
left subclavian artery a bypass has been surgically performed,
which is not taken into account in the simulation.

5 Discussion

The present study addresses the quantitative analysis of the
aortic hemodynamics after TEVAR. In particular, we focus
on a single clinical case, basing our analysis on a patient-
specific geometrical model derived from medical image
analysis.

The results of our analysis suggest interesting considera-
tions regarding this specific case. In fact, although the main
clinical concern was firstly directed to the bird-beak draw-
back, the CFD simulations have demonstrated that there are
two other important areas where the local hemodynamics is
impaired and disturbed blood flow is present: the first one is
the ostium of the subclavian artery, which is partially closed
by the graft; the second one is the stenosis of the distal tho-
racic aorta.

The peculiarity of the case under investigation induced
us also to compute the hemodynamic conditions for both
the pre-operative configuration and a virfual post-operative
configuration in which the lumen narrowing located in the
distal part of the thoracic aorta, not removed by the graft
implant, was fictitiously mitigated to resemble a smooth,
more physiologic configuration. The computed pre-operative
hemodynamics of the aortic arch when compared with the
post-operative condition suggests that the bird-beak actually
decreased the flow disturbance, which was present due to the
particular pre-operative shape of the aorta of the patient. Due
to the distinctive features of the pre-operative geometry, this
result cannot be generalized, and we expect that in a general
case the presence of the bird-beak actually increases the dis-
turbance of the flow. In any case, as expected, the removal
of the distal stenosis reduces significantly both the flow dis-
turbance and the pressure drop across the considered arterial
tract.

Besides the clinical relevance of these specific findings,
the added value of these simulations is clear; in fact, CFD
analyses allow to observe important flow effects that result
from the specificities of patient vessel geometries.

Consequently, our results are reinforcing the potential
impact of the translation of knowledge from computational
biomechanics to clinical practice and viceversa. It is impor-
tant to note that this process is steadily evolving; in fact our
results follow the path described by other few numerical stud-
iesregarding post-TEVAR hemodynamics, which are already

available in the literature. Lam et al. [15] in 2008 computed
through CFD the displacement force acting on a stent graft;
using the information obtained from CT-imaging, they tai-
lored an ideal model of both the aorta and the implanted
stent graft to a patient-specific geometrical features (adjust-
ing geometrical features such as luminal diameter), in order to
investigate the impact of the stent graft apposition on the dis-
placement force acting on the stent graft. The same approach
has been also pursued by [4,11].

Figueroa et al. [8] in 2009 assessed the displacement
forces acting on thoracic endografts using CFD, proving that
computational methods can enhance the understanding of the
magnitude and orientation of the loads experienced in vivo
by thoracic aortic endografts. In a similar manner, in 2011
Prasad et al. [9,20] evaluated through computer-based sim-
ulations the biomechanical and hemodynamic forces acting
on the intermodular junctions of a multi-component thoracic
endograft focusing on the development of type III endoleak®
due to disconnection of stent-graft segments. Moving from
medical image analysis and using CFD combined with com-
putational solid mechanics techniques, they predicted criti-
cal zone of intermodular stress concentration and frictional
instability which effectively matched the location of the type
III endoleak observed during follow-up CT-imaging after 4
years.

Midulla et al. [16] in 2012 reported the use of MR angiog-
raphy, followed by cardiac-gated cine sequences, covering
the whole thoracic aorta, to obtain CFD boundary conditions,
and tracking also the aortic wall movements. They evalu-
ated twenty patients characterized by different aortic lesions
showing the feasibility and potential of dedicated CFD analy-
sis to provide detailed functional analysis of thoracic aorta
after stent-graft implantation.

Even more recently, Pasta et al. [19] described a compu-
tational study aimed at assessing the biomechanical impli-
cations of excessive post-operative graft protrusion into the
aortic arch by simulating the structural load and quantifying
the fluid dynamics on the graft wall protrusion. Their find-
ings suggest that protrusion extension leads an apparent risk
of distal end-organ malperfusion and proximal hypertension,
being also proportional to a pressure load acting across the
graft wall, potentially portending graft collapse; these results
are confirmed by our findings.

6 Limitations

Although the present study tackles a real clinical problem and
based on the analysis of patient-specific data, the investiga-

> Type IIT endoleaks can occur when there is a defect in the fabric of
the graft, due to tear induced by the stent fracture, or due to separation
of the modular components of the endograft.
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tion of a unique case limits the extension of our medical con-
clusions to a more general scenario. However, it is worth not-
ing that the case under investigation is so complex and pecu-
liar that it is difficult to collect a large population of similar
situations; in addition, the data necessary to perform the pre-
sented analyses are not easy to collect, and it is not straightfor-
ward to assembly the necessary interdisciplinary knowledge,
calling for a deeper and conscious collaboration between
clinicians and biomedical engineers/researchers. Neverthe-
less, the present study poses indeed the basis for further stud-
ies involving a larger clinical dataset.

Another relevant aspect to be further investigated is the
validation of the proposed results and the use of patient-
specific BCs. Towards this direction, we have proposed a
preliminary comparison calling for a deeper and quantitative
assessment of the relation between the simulation prediction
and the in-vivo measurements. Hopefully, such a limitation
will be addressed and removed in future works.

Finally, in this study the presence of the endografts within
the aorta is included indirectly through the description of their
trace in the 3D lumen profile, resulting from image segmenta-
tion. Such an approach can be certainly improved to provide
a better resolution of the impact of the graft strut protrusion
in the blood flow, as proven by recent studies addressing the
numerical analysis of post-stenting haemodynamics of cere-
bral aneurysm [22,23] or of arterial bifurcations [5,7].

7 Conclusions

With this study we propose comprehensive investigation of
the aortic hemodynamics for a specific, complex clinical case
through patient-specific computational fluid dynamics. The
impact of the endovascular prosthesis implant, and in par-
ticular of its peculiar configuration called bird-beak effect,
has been investigated. The numerical results suggest that the
implant induces a blood flow disturbance at the level of the
bird-beak but also in two other vascular regions, which were
not identified by the sole clinical analysis. Besides the clin-
ical relevance of these specific findings, this study clearly
demonstrates how CFD analyses allow to observe important
flow effects resulting from the specificities of patient ves-
sel geometries. Consequently, our results are reinforcing the
potential impact of the translation of knowledge from com-
putational biomechanics to clinical practice and viceversa.
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