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Traditional surgical repair of ascending aortic pseudoaneurysm is complex, technically challenging, and

associated with significant mortality. Although new minimally invasive procedures are rapidly arising

thanks to the innovations in catheter-based technologies, the endovascular repair of the ascending aorta

is still limited because of the related anatomical challenges. In this context, the integration of the clinical

considerations with dedicated bioengineering analysis, combining the vascular features and the

prosthesis design, might be helpful to plan the procedure and predict its outcome. Moving from such

considerations, in the present study we describe the use of a custom-made stent-graft to perform a fully

endovascular repair of an asymptomatic ascending aortic pseudoaneurysm in a patient, who was a poor

candidate for open surgery. We also discuss the possible contribution of a dedicated medical images

analysis and patient-specific simulation as support to procedure planning. In particular, we have

compared the simulation prediction based on pre-operative images with post-operative outcomes. The

agreement between the computer-based analysis and reality encourages the use of the proposed

approach for a careful planning of the treatment strategy and for an appropriate patient selection, aimed

at achieving successful outcomes for endovascular treatment of ascending aortic pseudoaneurysms as

well as other aortic diseases.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Aorta is the large arterial trunk carrying oxygenated blood
from the heart to all the parts of the body through the systemic
circulation. From the anatomical point of view, aorta can be
divided into four main districts: (i) ascending aorta, (ii) aortic
arch, (iii) descending or thoracic aorta, and (iv) abdominal aorta.
This classification resembles somehow the biomechanical differ-
entiation of the arterial tissue since the composition of the aortic
wall layers (intima, media, and adventitia) and the corresponding
arrangement of elastin and collagen fibers vary along the vascular
districts, leading thus to a different mechanical response. The
functionality of this complex structure can be impaired by
number or cardiovascular diseases resulting often in aneurysm,
i.e., an abnormal blood-filled dilatation of the aorta, or dissection,
i.e., a pathological splitting of the aortic media layer.

Despite traditional open-surgery remains the gold standard for
treating aortic pathologies [1], the use of minimally invasive
ll rights reserved.
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endovascular techniques is rapidly arising in the recent years as
a valuable alternative [2]. In particular, thoracic endovascular
aortic repair (TEVAR) is getting predominant for treating patient
with acute type B dissections, descending thoracic aneurysms,
and thoracic transactions [3].

Moving from these successful examples, the application of
endovascular techniques to other aortic districts such as the
ascending aorta, is certainly appealing but remains challenging,
in fact few cases have been reported in the literature so far [4–6].

The main technical difficulties of performing an endovascular
repair of the ascending aorta are related to the deployment and
apposition of the graft in the curved geometry of the vessel.
In fact, the proximal landing zone of the graft should not
compromise the aortic root functionality while the distal landing
zone should not exclude the aortic side-branches especially near
the brachiocephalic trunk.

These issues call for a dedicated engineering analysis relying on
a multidisciplinary approach aimed at designing and optimizing
patient-specific tailored prosthesis and procedures. In this sce-
nario, computational biomechanics can certainly play a significant
role, in fact realistic simulations based on numerical techniques
such as finite element analysis (FEA) has been extensively used to
endografting simulation: From diagnosis to prediction, Comput.
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Fig. 1. Examples of measurement performed on CTA images to size the prosthesis.
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investigate different aspects of coronary stenting (just to name a
few, see [7–11]), peripheral stenting [12–14] and also to highlight
physiological and pathological aortic conditions [15] and treat-
ments [16].1 On the contrary, really few studies have been
addressed the structural behavior of vessel/graft interaction
[18,19] and, in particular, to the best of our knowledge, no
computer-based simulation of endograft apposition in the ascend-
ing aorta is available in the literature.

Moving from such considerations, in the present study we
evaluate the capability of patient-specific structural finite element
analysis to predict the apposition of patient-tailored endograft for
the treatment of ascending pseudo-aneurysm; for this purpose, we
generate the aortic vascular model from pre-operative computed
tomography angiography (CTA) images comparing then the numer-
ical outputs with the post-operative CTA counterpart.

2. Materials and methods

Despite the fact that endografting is a complex procedure
characterized by several steps, this study focuses mainly on the
endoprosthesis deployment and apposition; consequently, we
include only the following parts in our simulation:
�

ane

P
B

a patient-specific model of the ascending aorta,

�
 the endoprosthesis model,

�
 the catheter model.
The numerical analysis is non-linear, involving large deforma-
tions and contact; we use Abaqus/Explicit (Simulia, Dassault
Systemes, Providence, RI, USA) as finite element solver (see
Section 2.3). In the following, we first briefly introduce the clinical
case, highlighting the role of medical imaging and analysis not
only for the procedure planning but also for the generation of the
vascular model. We then discuss the endoprosthesis model, the
FEA settings and the post-processing of the numerical results.

2.1. Clinical summary

The considered patient is a 74-year-old female, presented with
an asymptomatic 5.5 cm pseudoaneurysm at the level of the distal
anastomosis, 8 yr after ascending aortic repair for aneurysm; med-
ical history included hypertension and atrial fibrillation. Because the
patient declined a new sternotomy and the anatomy of the lesion
was suitable, endovascular exclusion of the pseudoaneurysm was
planned, with the use of a custom-made stent graft (Bolton Medical
Inc., Sunrise, Florida, USA). The core of graft scaffold is composed of
1 For an overview of the wide literature about biomechanics of aortic

urysm please refer to [17].
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three self-expanding nitinol rings, having a 0.5 mm thickness,
sutured on the polyester vascular fabric;2 a slender nitinol ring is
sutured inside the fabric tube at each end.

The proximal landing zone was composed of a surgical graft,
30 mm in diameter, that showed an elliptic shape with a maximum
diameter of 37 mm, probably due to compression of the pseudoa-
neurysm. Based on these measurements, a custom-made stent-graft
with a proximal diameter of 38 mm was designed. The distal landing
zone, which was native aorta, was located at the distal part of the
ascending aorta, just proximal to the origin of the innominate artery
and presented with 44 mm in diameter. The recommended 10%
oversizing resulted in the distal diameter of the stent-graft of 48 mm,
while the total length of the stent graft was 70 mm (see Fig. 1). The
patient was placed under general anesthesia and open exposure of
the left femoral artery and right brachial artery was obtained. Via the
left femoral artery a pigtail catheter was advanced into the ascending
aorta over a hydrophilic soft Terumo guidewire (Radiofocus, Terumo,
Tokyo, Japan). After control angiography, a Lunderquist stiff guide-
wire (Cook, Bloomington, Indiana, USA) was positioned with the soft
proximal tip into the left ventricle, to facilitate the navigation of the
delivery catheter into the ascending aorta.

To accurately deploy the stent-graft, right ventricular pacing at
a rate of 200 beats/min was used to control cardiac output and to
decrease systolic blood pressure up to 40 mm/Hg. No post-
deployment ballooning has been adopted.

Completion angiography showed successful exclusion of the
pseudoaneurysm without endoleak. Further hospitalization was
uneventful, however the pre-discharge CTA-scan showed a type
Ib endoleak. A conservative policy was adopted and the patient
was discharged in good health. Although initial CTA after 1 month
showed that the endoleak was spontaneously resolved, a dynamic
scan at 6 month revealed a persistent type Ib endoleak during the
cardiac cycle with a stent-graft malapposition. Because the
aneurysm size did not increase, the re-intervention was excluded
and it was decided to continue the conservative policy.

Given the peculiarity of the case, prior informed consent,
the pre-, post-operative and follow-up CTA images have been
collected for research purposes.

2.2. Medical imaging analysis and processing

In order to perform the grafting simulation, we need the 3D
patient-specific model of the pre-operative ascending aorta, which
can be achieved through the image segmentation of pre-operative
CTA images. Moreover, to compare the simulation prediction with the
post-operative reality, we need also the 3D graft-aorta configuration
after the procedure; consequently, we have also segmented the
2 More details about the device features can be found in [20].
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Fig. 2. Segmentation of pre- and post-operative images: original grayscale image slice, segmented image slice, and resulting 3D reconstruction.
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post-operative CTA images, obtained through a follow-up exam
performed nine months after the procedure.

A complete and informative 3D model of the pre-operative
configuration should include:
�

leve

den
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vessel lumen,

�
 thrombus,

�
 calcifications,
while, the post-operative 3D model should also include the
endograft reconstruction.

We perform the image segmentation of contrast-enhanced com-
puted tomography angiography (CTA) using the open-source software
ITK-Snap [21], which implements a 3D active contour segmentation
method. This approach considers the evolution of a closed surface,
according to two types of forces acting on the contour itself in the
normal direction, i.e., internal and external forces. While internal
forces are derived from the contour’s geometry and are used to
impose regularity constraints on the contour shape, the external
forces incorporate information from the image being segmented. ITK-
Snap is a really user-friendly software and allows the segmentation
and the setting of the corresponding parameters, through a well-
defined procedure, which can be summarized as follows:
�
 First, we select the region of interest in the three dimensions,
using the axial, sagittal and coronal views.

�
 We pre-process the resulting image subset, selecting the range

of HU3 that characterizes the structure to be segmented. The
resulting images are called feature images, and will be used by
the algorithm to drive the contour evolution.

�
 We initialize the algorithm by placing one or more spherical

seeds, i.e., the starting 3D surfaces from which the algorithm
evolves, within our structure of interest.

�
 We set the parameters for the internal and external forces

driving the contour evolution.

Given the possible overlapping of the several structures to be
segmented, it is necessary to define an appropriate operative pipeline
guiding the segmentation sequence, which usually starts from the
best-enhanced structures. In the following, we discuss the pipeline
3 Hounsfield unit (HU) is a unit of measure representing the different density

ls/X-ray attenuation of a given tissue or substance. For example, the reference

sity of pure water is set to 0 HU while air is set to �1000 HU.

lease cite this article as: F. Auricchio, et al., Patient-specific aortic
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adopted for the present study, highlighting for the each considered
structure the segmentation strategy.
1.
end
06
Aortic lumen. The segmentation of contrast-enhanced vessels is
usually not a difficult task; unfortunately, in our case, the pre-
operative dataset shows a low-contrasted arterial flow, moreover,
true and false lumen significantly differ in HU, as depicted in Fig. 2
(left). Thus, we carry out a two-step segmentation, separately for
true and false lumen, in order to narrow the HU range of interest:
in fact, HU mean value for the true lumen was 250 and 150 for the
false lumen. Then, we merge the two resulting surfaces into a
single one (see Fig. 2 (left)). Since we know that vessels have a
smooth shape, we force the active contour to have a smoother
boundary, in order to prevent the algorithm from leaking into
adjacent structures. In the case of post-operative images, the
contrast-dye concentration in the blood is higher facilitating thus
the segmentation task (see Fig. 2 (right)).
2.
 Calcifications. They have high HU value, i.e., around 1000 HU;
consequently, we segment them before the endograft without
any particular drawback.
3.
 Endograft. Despite, this structure appears significantly brighter
than all the others (approximately from 1000 to 1400 HU), its
segmentation is not trivial due to the image slice thickness. In fact,
looking at Fig. 2 (right), we can notice that this structure has a very
small extension along the axial plane so, if the slice thickness is
not sufficiently high, we will have a very little overlap between
endograft area among two adjacent image slices. To face this
problem, we enlarge the HU range of interest and significantly
increment the algorithm expansion factor. Given the lumen
segmentation previously performed, the active contours for endo-
graft do not leak into the lumen region. As we can notice in Fig. 2
(right), the graft shows some bright artifacts: despite we cannot
prevent the leakage of the segmentation algorithm into the
artifacts because of the parameter setting, we can reduce the
impact of such artifacts on the final 3D graft model through
appropriate cleaning and smoothing procedures.
4.
 Thrombus. This is the most challenging task because, as pre-
viously stated, the thrombus is characterized by the lack of clear
boundaries because of the presence of neighboring structures
with similar gray-levels. Furthermore, the thrombus is an inho-
mogeneous type of tissue showing a HU interval that ranges from
�100 to 150 HU (see Fig. 2). Thus, we tune the image contrast
settings accurately, to achieve the best thrombus enhancement.
Then, we pre-process the images, cutting down the lower bound
ografting simulation: From diagnosis to prediction, Comput.
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Fig. 3. Graft model: (a) real device, (b) planar CAD model, (c) final finite element model, and (d) mesh detail.
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of the thrombus gray-levels range, reducing the algorithm expan-
sion factor. In this case, a fundamental role is also played by the
correct placing of the starting seeds; for this reason, we initialize
the algorithm as far as possible from the contact point between
the thrombus and other structures having similar HU. From the
resulting pre- and post-operative 3D models depicted in Fig. 2, it
is possible to note that thrombus reconstruction is clearly affected
by the presence of the endograft in the post-operative case; in
fact, the algorithm hardly grows in the upper part of the thrombus
(the thinner one) due to the presence of the bright artifacts
created by the graft. More in general, also the diffraction of
calcifications affects the quality of the model.

The resulting 3D model can be exported in stereolithography
representation (STL format), which can be subsequently elabo-
rated for our simulation purpose. It is worth to point out that 3D
reconstruction of thrombus and calcifications are used just to
enhance the visualization of the whole considered vascular
district. They are not included in the simulation model and
consequently they do not influence the analysis results.

2.3. Finite element analysis

In the following we describe the various components of the
finite element analysis and the adopted simulation strategy.

2.3.1. Vessel model

As described in Section 2.2, the 3D geometrical model of
ascending aorta is derived from pre-operative CTA elaboration
importing the STL representation of the ascending aorta.

For sake of simplicity, we consider the vessel wall as a rigid
surface (using R3D3 elements) neglecting hence the vessel wall
compliance; this modeling hypothesis is further driven by the
following considerations:
�

P
B

The radial stiffness of endograft is negligible when compared
to the stiffness of the target anatomy, which is, on one hand,
lease cite this article as: F. Auricchio, et al., Patient-specific aortic end
iol. Med. (2013), http://dx.doi.org/10.1016/j.compbiomed.2013.01.006
enforced by the surrounding diseased tissue and thrombus
and, on the other hand, by the tubular Dacron prosthesis
implanted in the prior aorta surgical repair.

�
 Given the thrombus surrounding the lumen, the vessel wall

should be considered as an inhomogeneous material with a
complex mechanical response, which is not trivial to model
and to characterize because the limited amount of data and
studies addressing this issue in the literature.

To further support such hypotheses, we carry out a quantitative
comparison between the pre- and post-operative 3D lumen
profile, evaluating thus the impact of the prosthesis implant on
the vascular configuration change. The results of this analysis are
reported in Section 3.1.
2.3.2. Endograft model

The endograft model resembles a replica of the implanted
device, courteously provided by Bolton medical (see Fig. 3a); the
generation of such a model is defined by a series of steps, detailed
in the following. We firstly create a planar computer aided design
(CAD) representation of the graft (see Fig. 3b) using the software
Rhinoceros v.4.0 (McNeel & associates, Seattle, WA, USA) obser-
ving that the unfolded geometry of the device can be basically
thought as a composition of a primitive geometry, which can be
mirrored and replicated. Once the unfolded geometry of the graft
is created, we mesh it using the software Abaqus v.6.10 (Simulia,
Dassault Systems, Providence, RI, USA) obtaining thus a list of
nodes and elements. To such nodes, we can assign proper polar
coordinates easily computed from their original cartesian coordi-
nates to obtain the folded geometry depicted in Fig. 3c. The final
mesh is defined by 110 660 nodes and 30 744 brick elements
(C3D8R) for the scaffold struts and 58 980 membrane elements
(M3D4R/M3D3) for the polyester fabric.

To reproduce the superelastic material response, we use the
Abaqus user material subroutine [22] of the superelastic model
originally proposed by Auricchio and Taylor [23,24]. The adopted
ografting simulation: From diagnosis to prediction, Comput.
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Table 1
Nitinol material parameters [18].

Variable Description Value

EA Austenite Young modulus 51 700 MPa

nA Austenite Poisson ratio 0.3

EM Martensite Young modulus 47 800 MPa

nM Martensite Poisson ratio 0.3

eL Transformation strain 0.063 (–)

ðds=dTÞL Derivative of s with respect

to temperature (loading)

6.527 MPa/T

sS
L

Stress threshold for transformation

start (loading)

600 MPa

sE
L

Stress threshold for transformation

end (loading)

670 MPa

T0 Reference temperature 371

ðds=dTÞU Derivative of s with respect

to temperature (unloading)

6.527 MPa/T

sS
U

Stress threshold for transformation

start (unloading)

288 MPa

sE
U

Stress threshold for transformation

end (unloading)

254 MPa

sE
CL

Stress threshold for transformation

stress (compression)

900 MPa
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Nitinol constitutive parameters are those reported in [18] (see
Table 1), while the density is assumed to be 6.7 g/cm3. The mechan-
ical response of the prosthesis fabric is modeled by an elasto-plastic
model adopting the material parameters proposed again in [18].

2.3.3. Simulation strategy

As previously stated, the grafting simulation is performed
assembling the following parts: a patient-specific ascending aorta
model, the endograft model, and the catheter model.

The catheter is modeled as a rigid body defined by a surface
obtained by sweeping a cylindrical section along the centerline of
the vessel; we mesh it with 957 three-dimensional, 4-node
surface elements with reduced integration (SFM3D4R).

In our simulation strategy, as already proposed in a previous
study [13], the endograft deformation is driven by the configura-
tion change of the catheter, imposed by displacement boundary
conditions on its nodes, determined as the difference between a
starting and final catheter configuration for each simulation step.
In particular, the simulation consists of two main stages:
1.
P
B

Endograft crimping and bending. Starting from a straight
configuration the catheter is gradually bent and crimped
following the vessel centerline and leading to the endograft
deformation; the contact between the endograft and the vessel
is deactivated in this step.
2.
 Endograft deployment. From the bent and crimped configura-
tion, the catheter is re-enlarged and the endograft expands
against the vessel wall; the contact between the endograft and
the vessel is activated in this step.

Such a configuration change of the catheter is illustrated in Fig. 4.
During the whole simulation, the contact between the prosthesis
membrane and the other model parts is neglected.

2.4. Post-processing

We perform an advanced post-processing of the image
segmentation and simulation results for the following purposes:
�

4 The method registers a given surface to a reference one using the iterative

closest point algorithm.
Comparison of the post-operative graft/vessel configuration
with respect to the pre-operative vessel anatomy to evaluate
the impact of the implant on the whole vascular district.
lease cite this article as: F. Auricchio, et al., Patient-specific aortic
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�

end
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Analysis of 4D CTA scan to evaluate the change of post-
operative graft/vessel configuration during the cardiac cycle.

�
 Comparison of the numerical outcomes with the post-

operative images to assess the capability of the simulation to
predict the graft apposition.

In particular, we adopt several modules of the vascular modeling
toolkit (VMTK, www.vmtk.org) to extract different features of the
vascular geometry, e.g., centerline, mean radius, etc., while we use
VTK/Paraview modules [25] for visualization purposes or geome-
trical data extraction.
3. Results

In the following, we firstly quantitatively evaluate the impact
of graft apposition of the aortic configuration change. Then, we
focus on the quantitative comparison of the numerical outcomes
with respect to the reality, i.e., post-operative images.

3.1. Configuration change of the vessel after the implant

As previously discussed in Section 2.3.1, we describe the ascend-
ing aorta as a rigid 3D surface resembling the pre-operative lumen,
under the main modeling hypothesis that the vessel wall compli-
ance is negligible. To further confirm such a hypothesis, we
quantitatively compare the post- and pre-operative vascular anat-
omy. We firstly register the post-operative 3D lumen model to the
pre-operative one by the VMTK module vmtkicpregistration;4 subse-
quently, we compute the point-wise minimum distance between
the two surfaces using the module vmtksurfacedistance. The results
of such an elaboration, reported in Fig. 5, clearly demonstrate the
validity of our assumption, in fact almost 75% of the post-operative
lumen has a distance from the pre-operative one lower than 2 mm.
The only mismatch is due to the graft malapposition discussed in
Section 3.3.

Moreover, we assess the post-operative cross-sectional varia-
tion of the aorta during the cardiac cycle through the analysis of a
follow-up 4D-CTA scan. From the whole acquisition, we select
four image datasets referring to specific RR frames: 45%, 65%, 70%,
and 95%. Each dataset is segmented to extract the 3D aortic lumen
profile, which is then cut by a proximal and a distal plane as
depicted in Fig. 6 using Paraview modules. The intersection of the
3D lumen model with the cutting plane provides the set of points
defining the lumen cross-section; it is possible to compute the
mean and standard deviation of the cross-sectional radius, i.e., the
distance of a given cross-sectional point from the post-operative
centerline. Such a computation is repeated for both cuts and for
each frame in order to assess the variation of cross-sectional
radius along the cardiac cycle as reported in Table 2 and
illustrated in Fig. 6. Such results show that there is a minimal
change of the post-operative graft-vessel configuration during the
cardiac cycle. This information not only confirms our hypothesis
to consider the lumen as rigid surface but also reflects the
reduced compliance of the system leads by: (i) the Dacron graft
implanted in the previous surgical repair and (ii) thrombus
surrounding and compressing the vessel.

3.2. Simulation versus reality

In Fig. 7 the results of the simulation are compared, with
respect to different views, with the 3D reconstruction of the
ografting simulation: From diagnosis to prediction, Comput.
i
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Fig. 4. Configuration change of the catheter driving the endograft deformation along the simulation steps.

Fig. 5. Pre-operative versus post-operative. Top: the 3D pre-operative luminal profile (white) is superimposed to the post-operative graft/vessel configuration (red).

Bottom: contour plot of the point-wise distance between the pre-operative and post-operative surface. (For interpretation of the references to color in this figure caption,

the reader is referred to the web version of this article.)
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post-operative endograft/vessel configuration derived from CTA
images. From the qualitative point of view, the agreement
between the simulation prediction and the post-operative reality
is encouraging our proposal of exploiting patient-specific simula-
tion to support pre-operative planning of challenging endovas-
cular procedures. The simulation is in fact highlighting an
appropriate landing at both prosthesis ends showing a bulging
of the prosthesis in the central part at the level of the pseudoa-
neurysm entrance, where there is no ‘‘support’’ of the vessel wall
for the graft rings.

To further confirm the qualitative indications, we quantita-
tively compare the post-operative reconstructed graft and the
Please cite this article as: F. Auricchio, et al., Patient-specific aortic
Biol. Med. (2013), http://dx.doi.org/10.1016/j.compbiomed.2013.01.0
simulation prediction using also in this case the VMTK/Paraview
tools. We firstly register the deformed graft configuration
obtained by the simulation on the post-operative 3D graft model.
Then, we cut both models with three different planes, i.e.,
proximal, middle, and distal, obtaining thus three slices for each
model as illustrated in Fig. 8. For each section, we have computed
the mean distance (and its standard deviation) between the
section points and the related center of mass, obtaining thus an
indication of the mean graft radius. From the results, reported in
Table 3, we can notice that the best match between simulation
and post-operative reality ðD¼ 0:8 mmÞ corresponds to the prox-
imal cut, i.e., slice 1, because in that region our rigid wall
endografting simulation: From diagnosis to prediction, Comput.
06i
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assumption is particularly effective given the presence of the
previous graft and the surrounding thrombus. In the middle slice,
the post-operative radius is smaller than the predicted one but
it has a higher standard deviation; this result is congruent
with the graft malapposition discussed in Section 3.3, not predicted
by the simulation. Finally, the higher mismatch ðD¼ 1:5 mmÞ
Fig. 6. Variation of cross-sectional lumen radius along the cardiac cycle. From a

4D CTA scan, four image datasets are extracted; each of them refers to a specific

percentage of RR interval.

Table 2
Post-operative variation of cross-sectional radius during the cardiac cycle. The

results, reported as mean7standard deviation (mm), refer to the slices depicted

in Fig. 6.

RR% 45% 65% 70% 95%

Slice 1 13.7573.11 14.473.68 14.0873.5 14.473.23

Slice 2 19.9673.11 20.3572.97 20.3272.94 20.5573.7

Fig. 7. Results of the simulation compared, with respect to different views, with the 3D

CTA images.

Please cite this article as: F. Auricchio, et al., Patient-specific aortic
Biol. Med. (2013), http://dx.doi.org/10.1016/j.compbiomed.2013.01.0
corresponding to the distal cut, i.e., slice 3, can be justified
remarking that, in this case, the graft is deployed in the native
aorta and thus the rigid wall assumption could be a limitation.

3.3. Graft malapposition

Unfortunately, we should note that the post-operative imaging
shows a malapposition of the prosthesis (see Fig. 9) in the
bending part of the inner aortic curvature, which was not
captured by the simulation. This mismatch between the numer-
ical results and the in-vivo data could be related to the modeling
of the endograft deployment; in fact, in our simulation strategy
we are allowing a uniform radial enlargement of the prosthesis
model through the gradual expansion of the catheter surface,
while in the reality the graft is pushed out of the delivery system,
gradually springing out of its tip.
4. Discussion

In the present study, we perform the simulation of the
endovascular repair of a pseudo-aneurysm with a patient-
tailored stent graft. Our study, through its multidisciplinary
approach, follows the trend of promoting the use of numerical
simulations to investigate the haemodynamics and the biome-
chanical impact of complex endovascular treatments also in the
aortic region. In particular, in a recent paper Prasad and collea-
gues [26] investigated the stresses acting on intermodular junc-
tions in TEVAR through the combination of computational fluid
dynamics analysis and computational solid mechanics techni-
ques; they have also compared the simulation indications with
follow-data to verify the role of intermodular stress on the
development of type III endoleak. Although they performed a
first step toward assessing the structural stability of thoracic
endograft in vivo, the study accounts for an idealized graft model for
the radial strength of each module, using a simple homogenized
graft material of equivalent radial stiffness. Also Molony et al. [16],
similarly to Li et al. [27], idealized the mechanical response of the
reconstruction of the post-operative endograft/vessel configuration derived from

endografting simulation: From diagnosis to prediction, Comput.
06i

http://dx.doi.org/10.1016/j.compbiomed.2013.01.006
http://dx.doi.org/10.1016/j.compbiomed.2013.01.006
http://dx.doi.org/10.1016/j.compbiomed.2013.01.006


F. Auricchio et al. / Computers in Biology and Medicine ] (]]]]) ]]]–]]]8
endograft deployed in an abdominal aneurysm, reconstructed from
CTA, within a fluid–structure interaction (FSI) analysis, focused on
the role of stress in the post-operative aneurysm shrinkage.
Kleinstreuer et al. [18] investigated the fatigue life of stent-graft
idealizing the loading conditions within the artery; moreover, as
also stated by the same authors [28], most computational work has
focused on blood flow and wall stress analyses within laboratory
and clinical abdominal aneurysm models, ignoring any stent-grafts.

Consequently, although different computational studies about
aortic endovascular repair are already proposed, our analysis
moves a step forward with respect to the available literature as
we introduce three main novelties:
1.
Fig
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We consider a realistic model of custom-made endograft
deployed in a patient-specific artery model.
. 8. Cross-sectional graft radius calculated from post-operative images (reality)

predicted by the finite element analysis (simulation) with respect to three

ting planes.

le 3
ss-sectional graft radius predicted by the simulation and measured from the

t-operative images. The results, reported as mean7standard deviation (mm),

r to the slices depicted in Fig. 8.

lice ID Simulation Reality D

lice 1 14.674 15.473.8 0.8

lice 2 18.771.3 17.574.6 1.2

lice 3 20.273.3 21.772.8 1.5

. 9. Post-operative graft malapposition: (a) Image segmentation and 3D reconstructi

Saggital, axial, and coronal view of CTA slice snapshot. (For interpretation of the refer

cle.)
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2.
on o

enc

end
06
We compare the simulation outputs with post-operative
outcomes.
3.
 We simulate ascending aorta endografting.
Our results confirm a good qualitative and quantitative agree-
ment of simulation prediction and the post-operative analysis
encouraging the promising use of realistic patient-specific simu-
lations to investigate aortic endografting.

5. Limitations

The main limitations of the present study consist of
(i) considering the arterial wall as a rigid surface and (ii) assuming
the centerline of the pre-operative lumen as the path followed by
the delivery system.

The choice of considering the vessel wall as a rigid surface is
reasonable for the purpose of the present study but should be
certainly reconsidered in further investigations. Nevertheless, the
modeling of the aortic vessel wall in diseased conditions, like
pseudoaneurysm or dissections, is extremely challenging because
the wall is inhomogeneous (healthy tissue plus diseased tissue plus
thrombus) and the standard approaches to account pre-stress [29,30]
are not so straightforward, neither is the assessment and assignment
of material parameters related to phenomenological constitutive
models (see e.g., [31]). A new input toward the identification of
patient-specific modeling of the vessel wall mechanical response can
derive from the analysis of 4D images, where the spatial information
is coupled with the changes induced by the cardiac cycle, as proposed
by Tierney et al. [15] in a very recent study.

In our simulation strategy (see Section 2.3), we have assumed
that, during deployment, the catheter follows the centerline of the
ascending aorta. This is certainly a simplification of the real
problem because the path followed by the delivery system in
reality is basically unknown before the operation. Such a limita-
tion can be overcome, for instance, estimating the catheter path
through a method based on the principle of minimal total
potential energy, as recently proposed in the literature [32].
6. Conclusions

The treatment of pseudoaneurysm of the ascending aorta is a
challenging from the surgical point of view, since traditional
approaches imply high-risk cardiopulmonary bypass and hypother-
mic circulatory arrest [33]. Moving from the positive outcomes of
endografting of other aortic districts, the endovascular treatment
of the ascending aorta is fastly evolving and, with the introduction
of new stent grafts, the category of patients qualified for this
f calcification (yellow), thrombus (light-white), lumen (red), and graft (white).

es to color in this figure caption, the reader is referred to the web version of this
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therapy will be broadened. Currently, because there are no
approved endovascular devices for ascending aortic aneurysm
repair, clinicians may have to rely on endograft components
designed for abdominal/thoracic aortic aneurysms to treat lesions
in the ascending aorta. In this context the integration of biomecha-
nical considerations, regarding both vascular target and prosthesis
design, with medical consideration can certainly enhance the
procedure definition. With this purpose we have presented a
patient-specific simulation of the implant of a custom-made
endograft to exclude a paranastomosis pseudoaneurysm. The
agreement between the simulation prediction and the post-
operative reality encourages the use of such a multidisciplinary
approach aimed at a careful planning of the treatment strategy, as
well as an appropriate patient selection, to enhance the success of
endovascular treatment for ascending aortic pseudoaneurysms as
well as for other aortic diseases.
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