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Abstract The purpose of the present study is to quan-

titatively evaluate the impact of endovascular repair

on aortic hemodynamics. The study is based on a
real clinical case and combines accurate medical image

analysis and advanced computational fluid-dynamics

(CFD) to perform a patient-specific investigation of

the post-operative hemodynamic conditions. Although
the main clinical concern was firstly directed to the en-

doluminal protrusion of the prosthesis, the CFD sim-

ulations have demonstrated that there are two other
important areas where the local hemodynamics is im-

paired and a 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 thoracic aorta. Besides the clin-

ical relevance of these specific findings, the value of

such simulations is clear; in fact, CFD analyses al-
low to observe important flow effects that result from

the specific features of patient vessel geometries. Con-

sequently, our results testify the potential impact of

computational biomechanics not only on the basic knowl-

edge of physiopathology, but also on the clinical prac-
tice, thanks to a quantitative extraction of knowl-

edge made possible by merging data and mathematical
models.
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1 Introduction

Thoracic endovascular aortic repair (TEVAR) is a mi-
nimally invasive approach for the treatment of tho-

racic aortic disease, such as dissections1 or aneurysms2,

rapidly adopted into clinical practice although its long-

term results are still controversial [5]. 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.

Similar to other endovascular approaches, the out-
comes of TEVAR rely on an appropriate balance be-

tween the biomechanical features of the prosthesis and

those of the target vascular anatomy. This is difficult

to achieve, as demonstrated by the frequency and va-
riety of device-related complications (device compres-

sion, invagination, misaligned deployment, and kinks

or aortic perforation). Obviously, anatomical complex-
ity continues to be the most important reason for early

and late stent-graft failure. In particular, one of the

extremities of the device lands at the level of the aor-

tic 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 aortic 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 under-

surface of the stent graft and the aortic wall [22].
The clinical literature discussing the incidence of bird-

beak effect and its impact on procedure outcomes is

very heterogeneous and somehow contradictory [11,

20,10,3]. In particular, the retrospective study of Ueda

and colleagues [22] suggests that the presence of bird-

beak configuration after TEVAR for a pathologic aor-

tic arch condition is significantly correlated with the

1 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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2.4 Mesh generation, numerical model, and

simulation process

Numerical simulations have been carried out by solv-

ing the incompressible unsteady Navier-Stokes equa-

tions in the region of interest, hereafter denoted by
Ω. We have assumed a Newton rheology - i.e., we as-

sume a constant viscosity - which is commonly consid-

ered correct for large and medium size vessels [8]. Let

u(x, y, z, t) and p(x, y, z, t) be blood velocity and pres-

sure, respectively, ρ the constant blood density and ν

the viscosity. Then the Navier-Stokes equations read

ρ
∂u

∂t
+ ρ(u · ∇)u−∇ · (ν(∇u +∇T

u)) +∇p = 0

∇ · u = 0,

(1)

for x, y, z ∈ Ω and 0 < t ≤ T where T is the dura-

tion 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, corresponding 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 consider-

ations (for the wall and stent struts) or from the lit-

erature (for the inflow/outflow sections), as discussed

in the following.

1. On the arterial wall and stent struts in the lu-
men we prescribe null velocity. This corresponds

to assume that the stented artery is rigid which is

a commonly accepted assumption. A more accu-
rate model would include the interaction of fluid

and structure, but the computational costs would
be significantly higher and the accuracy advantage

questionable, since the structural model for the ar-
terial wall (differently from the blood model given

by the Navier-Stokes equations) is affected by sev-

eral uncertainties.
2. On the inflow section, depicted in Figure 3, slightly

distal to the aortic valve, we prescribe flow rate by
selecting a velocity profile yielding at each instant

the flow waveform considered in [15].

3. On the outflow sections, depicted in Figure 3, we
have prescribed conditions based on a classical three

element Windkessel modeling of the distal circula-

tion. This means that the peripheral impedance

at each outflow section is represented by two re-
sistances R1 and R2 and one compliance C (RCR

model). The specific values of those parameters are

taken from [12].

It is worth reminding that the region of interest Ω

was artificially extended by inserting at the boundary

sections cylindrical regions called flow extensions [15].

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 added to Ω with

the open source library Vascular Modelling ToolKit [1]

as highlighted in Figure 3.
It is worth noting that the same values of R1, R2, 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 com-

plex geometries like the considered ones. Mesh gen-

eration is carried out using the tools available in the

VMTK library. The details of the mesh for each in-

vestigated 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 approx-

imates the periodic pulsatile conditions. To perform
the simulations, we use the open-source C++ library

LifeV (www.lifev.org), developed by some of the au-

thors in a collaborative project including EPF Lau-

sanne, Politecnico di Milano, INRIA Paris and Emory

University. As a trade-off between accuracy and com-
putational costs, we use mixed P1bubble-P1elements,

providing piecewise continuos linear interpolation en-

riched by a cubic bubble for velocities, and piecewise

continuos linear approximation for pressures. Simula-
tions are carried out on Dell R815 computer featur-

ing 4 AMD Opteron 6272 CPUS with 16 cores/CPU,

1 threads/core, 252 GB of RAM, and data storage
of 260GB, hosted by the University of Pavia (www.

unipv.it/compmech/nume-lab.html).

As clearly shown by the number of degrees of free-

dom of each performed simulation, reported in Ta-
ble 1, the amount of generated data is relevant and

requires a dedicated post-processing analysis. We per-

form such an analysis using Paraview, a popular open-
source general-purpose scientific visualization software

(www.paraview.org).

Table 1: Mesh details for each investigated case:

A) pre-operative; B) as-is post-operative; C) post-
operative without distal “stenosis”. DOFs stands for

degrees of freedom.

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

3 Results

When analysing the numerical results, we focus our
attention on certain relevant time instants of the car-
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operative condition suggests that the bird-beak actu-

ally 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 general-

ized, and we expect that in a general case the presence

of the bird-beak actually increases the disturbance 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 ge-

ometries.

Consequently, our results are reinforcing the potential

impact of the translation of knowledge from computa-
tional biomechanics to clinical practice and viceversa.

It is important to note that this process is steadily

evolving; in fact our results follow the path described
by other few numerical studies regarding post-TEVAR

hemodynamics, which are already available in the lit-

erature. Lam et al. in 2008 [13] computed through

CFD the displacement force acting on a stent graft;
using the information obtained from CT-imaging, they

tailored an ideal model of both the aorta and the im-

planted stent graft to a patient-specific geometrical

features (adjusting geometrical features such as lumi-
nal diameter), in order to investigate the impact of the

stent graft apposition on the displacement force act-

ing on the stent graft. The same approach has been
also pursued by [9,4].

Figueroa et al. in 2009 [6] assessed the displacement

forces acting on thoracic endografts using CFD, prov-

ing that computational methods can enhance the un-
derstanding of the magnitude and orientation of the

loads experienced in vivo by thoracic aortic endografts.

In a similar manner, in 2011 Prasad et al. [7,19] evalu-
ated through computer-based simulations the biome-

chanical and hemodynamic forces acting on the in-

termodular junctions of a multi-component thoracic

endograft focusing on the development of type III en-
doleak5 due to disconnection of stent-graft segments.

Moving from medical image analysis and using CFD

combined with computational solid mechanics tech-
niques, they predicted critical zone of intermodular

stress concentration and frictional instability which ef-

fectively matched the location of the type III endoleak

observed during follow-up CT-imaging after 4 years.

Midulla et al. in 2012 [14] reported the use of MR an-
giography, followed by cardiac-gated cine sequences,

covering the whole thoracic aorta, to obtain CFD bound-
ary conditions, and tracking also the aortic wall move-

5 Type III 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.

ments. They evaluated twenty patients characterized

by different aortic lesions showing the feasibility and

potential of dedicated CFD analysis to provide de-

tailed functional analysis of thoracic aorta after stent-
graft implantation.

Even more recently, Pasta et al. [18] described a com-

putational study aimed at assessing the biomechanical

implications of excessive post-operative graft protru-
sion into the aortic arch by simulating the structural

load and quantifying the fluid dynamics on the graft

wall protrusion. Their findings suggest that protru-
sion 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 prob-

lem and based on the analysis of patient-specific data,

the investigation of a unique case limits the exten-
sion of our medical conclusions to a more general sce-

nario. However, it is worth noting that the case un-

der investigation is so complex and peculiar that it is
difficult to collect a large population of similar situa-

tions; in addition, the data necessary to perform the

presented analyses are not easy to collect, and it is

not straightforward to assembly the necessary inter-
disciplinary knowledge, calling for a deeper and con-

scious collaboration between clinicians and biomedical

engineers/researchers. Nevertheless, the present study
poses indeed the basis for further studies 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 boundary conditions. Towards this di-

rection, 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.

7 Conclusions

With this study we propose comprehensive investiga-

tion of the aortic hemodynamics for a specific, com-

plex clinical case through patient-specific Computa-
tional Fluid Dynamics. The impact of the endovas-

cular prosthesis implant, and in particular of its pe-
culiar 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 clinical relevance of these specific findings,
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this study clearly demonstrates how CFD analyses al-

low to observe important flow effects resulting from

the specificities of patient vessel geometries. Conse-

quently, our results are reinforcing the potential im-
pact of the translation of knowledge from computa-

tional biomechanics to clinical practice and viceversa.
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