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Prediction of bird-beak configuration in thoracic endovascular

aortic repair preoperatively using patient-specific finite element

simulations

Negin Shahbazian, PhD,a David A. Romero, PhD,a Thomas L. Forbes, MD,b and

Cristina H. Amon, ScD,a,c Toronto, ON, Canada
ABSTRACT
Objectives: Formation of bird-beak configuration in thoracic endovascular aortic repair (TEVAR) has been shown to be
correlated with the risk of complications such as type Ia endoleaks, stent graft migration, and collapse. The aim of this
study was to use patient-specific computational simulations of TEVAR to predict the formation of bird-beak configu-
ration preoperatively.

Methods: Patient-specific TEVAR computational simulations are developed using a retrospective cohort of patients
treated for thoracic aortic aneurysm. The preoperative computed tomography images were segmented to develop
three-dimensional geometry of the thoracic aorta. These geometries were used in finite element simulations of stent
graft deployment during TEVAR. Simulated results were compared against the postoperative computed tomography
images to assess the accuracy of simulations in predicting the proximal position of a deployed stent graft and presence of
bird-beak. In cases with a bird-beak configuration, the length and angle of the bird-beak were measured and compared
between the simulated and postoperative results.

Results: Twelve TEVAR patient cases were simulated. Computational simulations were able to accurately predict
whether the proximal stent graft was fully apposed, proximal bare stents were protruded, or bird-beak configuration was
present. In three cases with bird-beak configuration, simulations predicted the length and angle of the bird-beak with
less than 10% and 24% error, respectively. Other factors such as a small aortic arch angle, small oversizing value, and
landing zones close to the arch apex may have played a role in formation of bird-beak in these patients.

Conclusions: Computational simulations of TEVAR accurately predicted the proximal position of a deployed stent graft
and the presence of bird-beak preoperatively. The computational models were able to predict the length and angle of
bird-beak configurations with good accuracy. These simulations can provide insight into the surgical planning process
with the goal of minimizing bird-beak occurrence. (JVSeVascular Science 2023;4:100108.)

Clinical Relevance: Finite element analysis is a noninvasive method for simulation and prediction of thoracic endovas-
cular aortic repair (TEVAR) outcomes. In this study, a computational approach for patient-specific simulations of TEVAR
was implemented to accurately predict bird-beak configuration preoperatively. In addition, the length and angle of bird-
beak configurations, which have been shown in previous studies to be correlated with bird-beak adverse events, were
predicted with good accuracy. This computational approach is clinically significant as it has the potential to enhance
TEVAR surgical planning capabilities with the goal of minimizing bird-beak occurrence. For patients with risk of bird-
beaking, additional emphasis can be placed on optimal stent graft oversizing and device selection.

Keywords: TEVAR; Bird-beak configuration; Thoracic aortic aneurysm; Computational simulations; Finite elements
Poor apposition of the proximal stent graft to the aortic
wall during thoracic endovascular aortic repair (TEVAR)
can produce a wedge-shaped gap known as bird-beak
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configuration (Fig 1), which can lead to various secondary
complications. Some of these complications include
endoleak, stent graft migration, device collapse, or
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ARTICLE HIGHLIGHTS
d Type of Research: Basic science
d Key Findings: The proposed patient-specific compu-
tational simulations of TEVAR can accurately predict
the final deployment position of the stent graft and
bird-beak configuration preoperatively.

d Take Home Message: Finite element analysis is a
noninvasive method for simulating TEVAR scenarios
and prediction of surgical outcomes. The proposed
framework can predict the presence or absence of
bird-beak in TEVAR preoperatively. Additionally, the
simulations can predict the length and angle of the
bird-beak deformity with over 90% and 76% accu-
racy, respectively. This computational approach can
provide insight into the preoperative planning
process and has the potential to enhance surgical
planning capabilities with the goal of minimizing
bird-beak occurrence.
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infolding.1-4 Bird-beak length and angle, defined in Fig 1,
have been used to determine its clinical significance and
are correlated with the risk of bird-beak-related compli-
cations.2,4-6 Several factors including landing zone, distal
arch angle, and stent graft stiffness, and the used delivery
system have been identified to play a role in bird-beak
formation.3,7,8 In a parametric computational study, finite
element simulations of TEVAR were used to show that
aortic geometry, stent graft design parameters, and land-
ing zone can influence bird-beak.9

Prediction of surgical complications preoperatively can
be helpful in modifying surgical plans accordingly and
minimizing the occurrence of complication. Computa-
tional simulations of TEVAR have the potential to predict
surgical outcomes preoperatively and have been used in
several studies10-17 to achieve satisfactory numerical re-
sults for the application under investigation. The aim of
this study is to employ a previously developed computa-
tional framework for simulations of TEVAR18 to predict
the proximal position of the deployed stent graft and
bird-beak configuration formation preoperatively. The
accuracy of this framework in predicting the bird-beak
presence and geometric size is assessed using patient-
specific geometries reconstructed from postoperative
imaging of a retrospective cohort of TEVAR patients.
MATERIALS AND METHODS
Computed tomography (CT) or magnetic resonance

(MR) images of thoracic aortic aneurysm patients treated
with TEVAR, with and without bird-beak configurations,
were collected. The preoperative geometric configura-
tion of the thoracic aorta was segmented to obtain a
three-dimensional geometry, which was then used to
develop computational simulations of stent graft deploy-
ment in the aorta. The position of the deployed stent
graft was assessed in the simulated results and
compared against the postoperative images. In cases
with a bird-beak configuration, the geometric character-
istics of the bird-beak gap were measured and
compared between the postoperative and simulated
results.

Patient inclusion criteria. After institutional research
ethics approval, a retrospective study of TEVAR patients
was conducted. All elective TEVAR cases (except those
that met the exclusion criteria) for thoracic aortic aneu-
rysm repair at Toronto General Hospital from October 1,
2009, to September 30, 2017, and any corresponding
follow-up for these patients to September 30, 2019,
were reviewed. TEVAR patients with Marfan syndrome,
patients treated for aortic dissection and blunt aortic
injury, patients with myotic thoracic aortic aneurysm,
and patients who lacked preoperative or postoperative
CT or MR imaging or scans with sufficient resolution for
segmentation were excluded from the study.
A total of 145 patients were selected for preliminary
screening (Table I). All patients with a genetic history
(including connective tissue disorders Marfan
syndrome, Ehlers-Danlos syndrome, and Loey-Dietz syn-
drome) and patients with proximal landing zones19 5 to
9 were eliminated. Some patients did not have usable
CT images with sufficient resolution. At least eight pa-
tients did not have pre- or postoperative CT scans. In
addition, six patients had previous aortic prosthetics at
the time of the TEVAR that were eliminated from the
study because accurate computational modeling of a
pre-existing device was not in scope for our previously
developed simulation framework.18 Computational
simulation of the pre-existing stent grafts would have
required the preoperative CT images of the initial sur-
gery, as well as a method to account for aortic remodel-
ing in the time leading up to the subsequent TEVAR.
Cook Medical (Cook Medical) devices were predomi-
nantly used in our center. In addition, our previously
developed simulation framework includes methods to
develop computational models of Cook Medical de-
vices as well as their delivery and deployment. Hence,
10 patients with devices from other manufacturers
were considered out of scope for this study. In addition,
eight patients with unreferenced or custom Cook Med-
ical device types were considered out of scope. Conse-
quently, 34 of 145 patients without a genetic history or
previous aortic prosthetics, with TEVAR landing zones
0 to 4, and referenced Cook Medical stent grafts were
identified for more in-depth screening.20 The details of
patient inclusion criteria are listed in Table I.
No patients with landing zone 0 or 1 met the inclusion

criteria. The number of in-scope patients per TEVAR
landing zones 2, 3, and 4 was 9, 11, and 14, respectively.
Of the 34 patients who met the inclusion criteria, 20



Table I. Summary of patient inclusion criteria

N Inclusion/exclusion criteria

145 Total

111 Excluded

82 With genetic history and/or within
proximal landing zones 5 to 9

18 Out-of-scope device types

4 Previous aortic prosthetics

7 Unavailable pre- or postoperative
CT or MR images

34 Included (landing zones 0 to 4,
known Cook devices, no genetic
history)

20 With Cook Zenith Alpha stent
grafts

14 With Cook Zenith TX2 stent grafts

CT, Computed tomography; MR, magnetic resonance.

Fig 1. Definition of bird-beak configuration, bird-beak
length, and angle.
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had Cook Zenith Alpha and 14 had Cook Zenith TX2
(Cook Medical) thoracic stent grafts. Surgery angiog-
raphy images, pre- and postoperative MR or CT images,
and surgical notes were reviewed to identify patients
with bird-beak configurations. Twelve patient cases (5
in zone 2, 4 in zone 3, and 3 in zone 3) were identified
and selected for engineering analysis and computa-
tional simulations. The rationale behind selecting these
12 patients was to include several patients within each
TEVAR landing zone with different conditions of prox-
imal stent graft to aorta apposition. All the patients
with bird-beak configuration (N ¼ 3) and unopposed
proximal bare stents (N ¼ 4), which were only observed
in zones 2 and 3, were included. In addition, in each of
zones 2 and 3, one patient with complete proximal
stent graft apposition was included. All patients with a
TEVAR landing zone 4 had complete proximal stent
graft apposition, of whom two patients with Zenith
Alpha and one patient with Zenith TX2 devices were
selected for simulation. Selection of the patients pro-
vided sufficient variability in parameters such as oversiz-
ing and aortic geometry for the purpose of analysis. In
addition, simulating 12 patient cases was feasible for
study timelines. Anonymized pre- and postoperative
CT or MR images of selected patients were collected
for segmentation.

Aortic geometry and segmentation. The preoperative
CT images of selected patients were segmented using
the open-source software 3D Slicer (Slicer) using the
Vascular Modelling Tool Kit (VMTK) library.21 First, the
aorta was segmented by local thresholding followed by
the discrete flying edges algorithm22 to transform the
segmented geometry into a surface model. Then any
surrounding structures that may have been included in
the segmentation were manually cut and deleted using
the island elimination method. Any additional adjust-
ments of the segmented aorta were implemented
manually using the paint and erase tools in the axial and
sagittal views. This step is directly related to the local
intensity threshold set in the first step of the segmenta-
tion. If the selected threshold is relatively small, it can
help with isolating the aorta from the surrounding
structure, but in turn result in shrinking the aorta, which
warrants manual adjustments. If the selected threshold
is large, it can result in segmenting amore accurate aorta
volume but include unwanted surrounding structures as
well. This manual step is mainly used in the descending
thoracic aorta where the surrounding structures such as
the spine and branching vessels need to be eliminated
from the segmented aorta geometry. Because all bird-
beak cases in our patient cohort occurred more proxi-
mally and closer to the apex of the arch, manual
adjustments did not occur near the bird-beak site. The
segmentation is then followed by surface smoothing
using the joint smoothing algorithm that tends to
maintain the segmented volume compared with
smoothing algorithms such as Gaussian that shrink the
volume.23 Finally, using the VMTK module, the vessel
centerline curve was extracted. The desired number of
nodes along the centerline was determined, and the
coordinates of these nodes were exported for use in the
simulation. To create a hollow shell with open ends,
the ends of the vessel adjacent to the aortic root and the
diaphragm, and the supra-aortic branch vessels were
clipped using Meshmixer (Autodesk). An example of the
segmented aorta is shown in Fig 2.
The hollow vessel geometry with clipped ends was im-

ported into HyperMesh (Altair) for mesh generation.
Mesh convergence and independence test was carried
out with focus on displacements and stresses near the
proximal landing zone of the stent graft during TEVAR.
Triangular shell elements with 1.5 mm size were used,
which resulted in an average of approximately 20,000



Fig 2. Sample aorta segmentation with representative
mesh.
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elements in the aortic geometry. A representative mesh
is shown in Fig 2.

Computational modeling. Computational models of
the stent graft configurations deployed for each patient
case were generated in-house using SolidWorks (Das-
sault Systèmes Solid Works Corp) in accordance with
Cook device specifications.24 The stent grafts were
meshed in HyperMesh using 1 mm quadratic shell ele-
ments for the graft and 0.6 mm circular beam elements
for the stents. On average, the grafts and stents consisted
of approximately 8000 and 2600 elements, respectively.
Note that the exact number of elements varied based on
vessel size and stent graft configuration. A straight Lun-
derquist guidewire (Cook Medical) was used in all
simulation cases that was meshed using 1 mm circular
beam elements. Based on the type of device used in
each patient, the material properties of the graft and
stents were modified accordingly in each simulation.
A previously defined age-dependent constitutive

Mooney-Rivlin material model18 for thoracic aortic tissue
was used for the aorta. The selected material model is
defined for nonaneurysmal tissue. Because the focus of
this study is prediction of the proximal position of the
deployed stent graft and bird-beak configuration
formation that occurs along the proximal landing zone
with nonaneurysmal tissue, the use of such a material
model was deemed appropriate. In addition, in another
study,9 it was shown that age-related changes in aortic
tissue properties had an insignificant impact on the for-
mation of bird-beak configuration, and using aortic tis-
sue properties defined for different age ranges does not
impact simulation results when considering bird-beak.
Hence, only the tissue properties of one age group (71-
78 years) from reference18 were used in all the simula-
tions, regardless of patient age.

Simulation steps. The finite element software LS-Dyna
(LSTC) with an explicit time integration algorithm was
used for the computational simulations. Before TEVAR
simulations, the aortic geometry was prestressed to a
zero-pressure configuration, following an iterative pro-
cess defined by Raghavan et al.25 During this process, the
initial segmented aortic geometry was first assumed to
be stress free. This initial vessel configuration was then
pressurized at a mean physiological blood pressure of
93 mm Hg.26 The nodal displacements between the
initial and inflated states were calculated and subtracted
from the initial state to obtain a deflated geometry.
Repeating the process starting with the deflated state
instead of the initial configuration, the nodal displace-
ments were incrementally subtracted from the initial
state until the residual difference was at its minimum, at
which point the prestressed geometry at zero pressure
was obtained.
Stent graft deployment in TEVAR cases was simulated

following a previously established computational frame-
work.18 Briefly, the stent graft was first crimped and tied
to the guidewire. The guidewire was rigidly deformed
and placed on the location of the vessel centerline, using
the extracted centerline coordinates previously obtained
from VMTK. The constraints on the guidewire nodes were
then terminated, allowing the guidewire to deform and
expand toward the larger curvature of the aorta, while
carrying the crimped stent graft. After the position of
the guidewire within the aorta was stabilized, the stent
graft was expanded and deployed. The computational
models did not include navigation of the delivery system
inside the aorta. Therefore, the movement of stent graft
upon deployment was not considered in the simulations
as the stent graft was directly deployed in the desired
final location within the aorta. Furthermore, because
the navigation process was bypassed, and the guidewire
was rigidly deformed by the simulation algorithm and its
nodes were superimposed on the vessel centerline loca-
tion, a curved guidewire would have behaved identically
to the used straight guidewire. The aorta was pressurized
at a mean physiological blood pressure of 93 mm Hg26

during the simulations. The nodes at the proximal and
distal ends of the aorta geometry were constrained
translationally. Numerical damping was applied for



Fig 3. Postoperative 3D reconstruction (left) and simulated results (right) of patients 1 to 6.
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each part to decrease instability and simulate the damp-
ing effect of surrounding tissues. A sensitivity analysis was
completed to determine the optimal damping factors by
testing numerical damping values between 10% and
20% of critical, which is a commonly used range.27 Fric-
tion was considered between parts based on friction
measurements presented in two studies using benchtop
testing.28,29 Coefficients of friction applied between the
guidewire and vessel, stents and vessel, and graft and
vessel were 0.05, 0.05, and 0.145, respectively. The geom-
etry segmentation and simulation setup time for each
patient is approximately 20 hours. The computational
time for each simulation is up to 2 hours using a high-
performance computing server with 12 cores. Carrying
out the simulations requires expertise in the finite
element method and geometry segmentation.

RESULTS
Simulation validation. Twelve TEVAR patient cases

were simulated to deploy the stent graft in each case.
In cases with multiple stent grafts, the most proximal
piece was used in the simulation. To validate the



Fig 4. Postoperative 3D reconstruction (left) and simulated results (right) of patients 7 to 12.
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simulation results, they were compared against the first
postoperative CT images. Using the Aquarius iNtuition
software (TeraRecon), a 3D reconstruction of the postop-
erative CT images was generated by volume rendering of
the images into 3D structures. For each patient, the 3D
reconstruction of postoperative CT images was assessed,
and the proximal position of the deployed stent graft
was captured at the sagittal plane or the approximated
arch cross-sectional plane (depending on the arch
orientation).
Classification of patient cases using proximal stent
graft apposition. In the literature, bird-beak configura-
tion is generally defined as the gap between the unap-
posed endograft and the vessel, and its length is
measured from the tip of the graft. However, a few
studies measured the length of the bird-beak configu-
ration from the tip of the proximal stents to the end of
the unapposed section.30-32 For instance, Boufi et al30

identified bird-beak configuration as protrusion of stent
with a length greater than 5 mm. In this study, it is



Table II. Patient and stent graft characteristics

Patient Proximal landing zone Stent graft type Age at procedure a ,� Oversizing, % Proximal stent graft apposition

1 2 Zenith Alpha 45 61.42 24 Unapposed proximal bare stents

2 2 Zenith Alpha 57 78.66 12 Unapposed proximal bare stents

3 3 Zenith Alpha 68 58.6 8 Unapposed proximal bare stents

4 3 Zenith Alpha 72 58.92 18 Unapposed proximal bare stents

5 4 Zenith Alpha 77 65.09 17 Fully apposed

6 3 Zenith Alpha 78 58.97 30 Fully apposed

7 3 Zenith TX2 67 61.68 5 Bird-beak configuration

8 2 Zenith Alpha 83 67.67 18 Fully apposed

9 4 Zenith Alpha 84 70.24 18 Fully apposed

10 2 Zenith TX2 38 73.59 11 Bird-beak configuration

11 2 Zenith TX2 57 55.82 21 Bird-beak configuration

12 4 Zenith TX2 80 64.97 28 Fully apposed
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specified whether the stent graft was fully apposed,
protrusion of proximal bare stents was observed, or bird-
beak configuration (unapposed endograft) was present.
Using these three classification categories would allow
us to assess how accurately the simulations can predict
the proximal position of the stent graft after deployment.
The simulation results were compared with the 3D
reconstruction of postoperative CT images presented in
Figs 3 and 4. The simulated and postoperative results
were visually assessed to determine the proximal posi-
tion of the deployed stent graft using one of three clas-
sification categories. Bird-beak configuration was
observed in 3 of 12 patients. The condition of the prox-
imal stent graft apposition for each patient case is pre-
sented in Table II.

Bird-beak contributing factors. The age range for the
12 simulated patients is from 38 to 84 years. For each
patient, the aortic arch angle a31 was measured as the
angle between the lines that connects the arch apex
to the centerline of the ascending and descending
aorta at the level of the bifurcation of the pulmonary
trunk. Oversizing was calculated for each patient as
the percentage difference between the stent graft
and vessel outer diameters. In our previous study,9

correlations were found between bird-beak configu-
ration and landing zone, stent graft oversizing, and
aortic arch angle. Therefore, these factors were
assessed for each patient case. A summary of patient
data and stent graft characteristics for each case is
presented in Table II.

Bird-beak configuration geometry measurement. For
the three patient cases with bird-beak configurations,
the length and angle of the bird-beak were measured
in the simulated results and postoperative CT images. In
the simulated results, bird-beak length and angle were
obtained using the measurement tools in LS-Dyna, by
their two-dimensional projection on a plane that
passed through the midline of the protruded portion of
the graft, normal to the graft surface. In the post-
operative results, the 3D reconstruction of the CT im-
ages (at the sagittal plane or the approximated arch
cross-sectional plane) was first scaled using the height
of the stent as a reference. The geometry measure-
ments were taken after scaling. In the CT images, bird-
beak length and angle were measured twice by the
same observer with measurement being carried out
approximately 1 week apart. Intraobserver reliability
tests were performed using Lin’s concordance correla-
tion coefficient method.33 Lin’s concordance correlation
coefficient was calculated for bird-beak length and
angle as 0.97 and 0.91, respectively, where values below
0.9 are considered poor agreement, 0.9 to 0.95 are
moderate, 0.95 to 0.99 are significant agreement, and
values above 0.99 indicate nearly perfect agreement.
Intra- and interobserver reliability tests were not appli-
cable in the simulated results because the measure-
ments were performed computationally. The
percentage of error for the simulated results compared
with postoperative images was calculated for each bird-
beak length and angle measurement. These results are
presented in Table III.

DISCUSSION
Bird-beak configurations were observed in patients 7,

10, and 11. It is speculative that the formation of bird-
beak in these patients is related to stent graft selection
as Zenith TX2 devices were used in all three. From the
14 investigated patient cases with Cook Zenith TX2 de-
vices, 4 were with bird-beak configuration (29%). One of
these cases was not simulated due to unavailability of
preoperative CT images. This is while bird-beak was not
detected in any of the cases with Cook Zenith Alpha de-
vices. Some of the design differences between Zenith
TX2 and Zenith Alpha include the lack of proximal bare
stents and a greater number of peaks and valleys in



Table III. Simulated vs postoperative measurement of bird-beak length and angle in three patients with bird-beak
configuration

Patient

Bird-beak length, mm Bird-beak angle, �

Simulated Postoperative CT Difference, % Simulated Postoperative CT Difference, %

7 12.8 12.1 5.7 38.8 31.4 23.5

10 7.4 8.1 �9.4 24.1 29.1 �20.7

11 9.3 10.2 �9.7 50.6 58 �14.6

CT, Computed tomography.
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each stent segment in the Zenith TX2 device.24 The
Zenith TX2 stents are made of 316L stainless steel that
is a stiffer material than Nitinol used in Zenith Alpha.
The stiffness of 316L stainless steel used in the Zenith
TX2 device can contribute to its poor overall bending
and conformability.
Proximal bare stent components have been shown in

previous studies34,35 to reduce the occurrence of bird-
beak configuration, as they improve stent graft’s con-
formability to the aorta. In a study by Kudo et al34 inves-
tigating 105 TEVAR patients with different stent graft
types, it was shown that in the first postoperative
follow-up, all bird-beak cases were found in patients
with stent grafts without proximal bare stents. No bird-
beak cases were found in patients with proximal bare
stents. In another similar study by Banno et al35 with 68
TEVAR patients, stent grafts with and without proximal
bare stents were used in 24 and 44 patients, respectively.
Bird-beak configurations were found in 1 patient with
proximal bare stents and 29 patients without proximal
bare stents. These findings are consistent with our study
results where only four bird-beak cases were detected all
of which had stent grafts without proximal bare stents.
In addition to stent graft design, several factors

including angulation and curvature of the aortic arch,
aortic diameter, and landing zone were shown in previ-
ous studies to correlate with bird-beak occurrence.3-
7,9,20,30,36,37 In the current study, while device selection
likely influenced bird-beak formation in the mentioned
cases, other notable characteristics were observed in
these patients (Table II), which were shown in our previ-
ous study9 to be risk factors for bird-beak. For patient 7,
stent graft oversizing of 5% was used, which is the small-
est oversizing value among the simulated patient cohort.
For patient 10, proximal landing zone 2 in combination
with a relatively small oversizing value of 11% may be
the reason for bird-beak. Finally, patient 11 possesses
the smallest value of the aortic arch angle, equal to
55.82�, among the simulated patient cases. Patient 11 is
one of the youngest patients in the cohort, and the acute
aortic arch angle is likely related to the patient’s younger
age. The highlighted factors are aligned with the findings
of our previous study9 where an inverse correlation was
found between the aortic arch angle and bird-beak for-
mation. In addition, it was shown that in most instances
larger oversizing can minimize the formation of bird-
beak, and landing zones closer to the arch apex (as
opposed to straighter sections within the aorta) are
more prone to bird-beak.9 It is worth noting that the clas-
sification of these contributing parameters (including
stent graft design and aorta geometric parameters)
solely based on their values for risk stratification is not
possible due to the presence of complex interactions9

between the parameters. Therefore, computational sim-
ulations of TEVAR play a crucial role in predicting bird-
beak in these patients.
In this study to further investigate the effect of stent

graft selection, additional simulations were run for the
three patient cases with bird-beak configuration by
replacing the Zenith TX2 with Zenith Alpha devices of
same diameters. Although in one of the cases replacing
the Zenith TX2 with the Zenith Alpha device did not
result in a noticeable change in bird-beak length and
angle, in the second case, it significantly reduced the
bird-beak length and angle, and in the third case, it
completely resolved the presence of bird-beak.
Comparison of simulation results with the surgical out-

comes in Figs 3 and 4 showed good agreement between
the simulated and postoperative CT images. It was
demonstrated that the implemented computational
framework can predict the proximal position of the
deployed stent graft, including protrusion of the proximal
bare stents and presence of bird-beak, accurately. For
cases with formed bird-beak configurations, the length
and angle of the bird-beak were measured in the simu-
lated results and compared with the postoperative mea-
surements, as shown in Table III. The prediction error
ranges between 5.7% and 9.7% for the bird-beak length
and between 14.6% and 23.5% for the bird-beak angle.
This study provides evidence that our computational

framework can predict the presence or absence of
bird-beak configuration in TEVAR using the preoperative
CT images. In addition, the computational framework
can predict the length of the bird-beak with sufficient
accuracy (less than 10% error), whereas the prediction er-
ror for the bird-beak angle is within 24%. Considering the
accuracy of computational models, various TEVAR sce-
narios for a patient can be simulated using different
stent graft configurations and landing locations. This
may be helpful in identifying the optimal scenario
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according to the simulated results and can lead to alter-
ations in the decision-making process.
Finite element analysis is a noninvasive method for

simulating TEVAR scenarios and potential prediction of
surgical outcomes. The computational approach used
in this study is clinically significant as it has the potential
to enhance surgical planning capabilities with the goal
of minimizing bird-beak occurrence. For instance, when
the preoperative TEVAR simulation of a patient predicts
bird-beak configuration formation, as part of the surgical
planning process, additional emphasis can be placed on
optimal stent graft oversizing and device selection to
reduce the risk of bird-beak. Currently, the initial simula-
tion setup and computational time for a patient is less
than 22 hours. Once the initial simulation for a patient
is developed, a subsequent simulation with a different
stent graft configuration or adjustment of the landing
zone can be set up and run relatively quickly (in less
than 2 hours and 15 minutes). Therefore, device and land-
ing zone variations can be easily implemented and
tested. The median time interval between decision to
operate and surgery was previously reported to be
57 days.38 Therefore, our proposed computational frame-
work can be used within the TEVAR workflow timelines.
Although the focus of this study is the repair of thoracic
aortic aneurysms, with further investigation a similar
approach can potentially be extended to other TEVAR
applications such as blunt thoracic aortic injury and
aortic dissection.

Study limitations. A number of inherent limitations
exist in the implemented computational framework. A
uniform wall thickness was used throughout the aorta.
The effect of tissues and structures surrounding the
thoracic aorta was approximated through applying nu-
merical damping in the simulations. In addition, homo-
geneous material properties were used in the aorta.
Simplifications were made in the computational models
to neglect the hemodynamic effects and only apply a
static mean arterial pressure of 93 mm Hg. Because
patient-specific data on lowering blood pressure during
stent graft deployment were not available, only the
mean arterial pressure was considered in all simulations.
However, due to the equilibrium of static pressure loads
on the luminal surface and protruded undersurface of
the graft at the bird-beak site, it is expected that
considering patient-specific blood pressure values would
not have an impact on bird-beak results. Previous studies
have shown the impact of hemodynamics on the bird-
beak configuration gap over time.39,40 However, the
focus of this study was the formation of bird-beak upon
stent graft deployment, and the evolution of bird-beak
over time into more serious complications (ie, device
migration and collapse, and type Ia endoleak) would
require further analysis through implementation of fluid
structure interactions.
Considering the limited number of bird-beak cases in
our patient cohort, an extended retrospective study
that would include more patients with a variety of aortic
geometries and stent graft types may result in additional
bird-beak cases for further analysis and better estimation
of our prediction accuracy. Given the potential of this
computational method for clinical translation, including
devices from other manufacturers may provide insight
into the relationship between design parameters and
stent graft apposition and will be instructive for optimal
stent graft selection for each patient. Furthermore, this
study can benefit from patient-specific benchtop
models to deploy and assess the behavior of the stent
graft within the aorta. This will be considered as part of
future directions of this study.

CONCLUSIONS
Patient-specific TEVAR finite element computational

simulations of 12 patients showed good agreement be-
tween computationally simulated results and postopera-
tive CT images. Bird-beak configuration was present in 3
of 12 simulated patients. It is speculated that the forma-
tion of bird-beak in these patients was related to using
Zenith TX2 devices that lack proximal bare stents. Addi-
tional risk factors in these patients, including small stent
graft oversizing, small aortic arch angle values, and land-
ing zones close to the arch apex, may have played a role.
The simulation results confirm that our computational
models can predict accurately the final proximal position
of the deployed stent graft during TEVAR. The accuracy
of our computational simulations in predicting the
size of a formed bird-beak was tested, resulting in over
90% and 76% accuracy in the prediction of the bird-
beak length and angle, respectively. The implemented
TEVAR computational simulations can provide insight
into the preoperative planning process with the goal of
minimizing bird-beak occurrence.
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