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Identification of geometric and mechanical factors predictive of

bird-beak configuration in thoracic endovascular aortic repair using

computational models of stent graft deployment

Negin Shahbazian, MASc,a David A. Romero, PhD,a Thomas L. Forbes, MD,b and Cristina H. Amon, ScD,a

Toronto, ON, Canada
ABSTRACT
Objective: Formation of a bird-beak configuration in thoracic endovascular aortic repair (TEVAR) has been shown to be
influenced by various factors. However, the main cause of bird-beak formation remains poorly understood. The hy-
pothesis has been that the geometric and mechanical properties of both the aorta and the stent graft contribute to the
formation and extent of a bird-beak configuration. The goal of the present study was to use parameter-based compu-
tational simulations of TEVAR to predict for bird-beak formation and identify its most significant contributing factors.

Methods: In the present study, we considered five parameters for the computational simulations of TEVAR, including
aortic curvature, aortic arch angle, age as a surrogate for thoracic aortic tissue properties, TEVAR landing zone, and stent
graft oversizing. Using an experimental design approach, computational models for 160 TEVAR scenarios were developed
by varying the values of the simulation parameters within clinically relevant ranges. The bird-beak length and angle were
used as metrics to evaluate the simulation results. Statistical analysis of the simulation data using a random forest model
was conducted to identify significant parameters and interactions.

Results: The mean 6 standard deviation of the bird-beak length and angle across 160 simulations were 4.32 6 4.87 mm
and 9.16� 6 12.21� , respectively. The largest mean bird-beak length and angle were found in the most distal location in
zone 0 (10.04 mm) and zone 2 (21.48�), respectively. An inverse correlation was found between the aortic arch angle and
the bird-beak length and angle. In w75% of the scenarios, increased stent graft oversizing either fully resolved the
presence of the bird-beak configuration or had reduced its size. In the remaining 25%, oversizing minimally changed the
bird-beak length and enlarged the bird-beak angle, which mainly occurred in cases with a smaller aortic arch angle and
landing zones near the arch apex. This was justified by the mechanism of stent graft bending in the arch angulation. The
aortic curvature and tissue properties were shown to be statistically insignificant in relation to bird-beak formation.

Conclusions: Significant parameters predictive of a bird-beak configuration in TEVAR were identified, and the trends in
which each parameter influenced the bird-beak size were determined. The findings from the present study can inform
the surgical planning and device selection process with the goal of minimizing bird-beak formation. (JVSeVascular
Science 2022;3:259-73.)

Clinical Relevance: The presence of a bird-beak configuration after thoracic endovascular aortic repair (TEVAR) has been
correlated with the risk of type Ia endoleaks. The underlying cause of bird-beak formation remains poorly understood. In
the present study, parameter-based computational models of TEVAR were used to identify the most significant me-
chanical and geometric factors contributing to bird-beak formation. Our findings have suggested that the aortic arch
angle, landing zone, and stent graft oversizing are statistically significant in relation to the formation and extent of bird-
beak configurations. With proper validation, these findings could be useful in the identification of patients with a greater
risk of bird-beak formation preoperatively, optimal stent graft selection, and procedure modifications to minimize bird-
beak formation.
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ARTICLE HIGHLIGHTS
d Type of Research: Basic science
d Key Findings: Aortic arch angle, TEVAR landing zone,
and stent-graft oversizing are statistically significant
in relation to bird-beak configuration formation.

d Take Home Message: The findings of these param-
eter-based TEVAR computational simulations show
that smaller aortic arch angles and landing zones
near the arch apex are more prone to bird-beak. In
patient cases with these characteristics, additional
emphasis must be placed on selecting the optimal
stent-graft design and oversizing, with the goal of
minimizing bird-beak occurrence.
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A complete seal of the proximal landing zone is essen-
tial for successful thoracic endovascular aortic repair
(TEVAR).1 Stent graft stiffness and increased angulation
of the aortic arch can make achieving a complete seal
challenging.2 Failure to achieve a complete proximal
seal on the inner curvature of the aorta will result in a
wedge-shaped gap between the stent graft and the
aortic wall, referred to as a bird-beak deformity.3 The
presence of a bird-beak configuration is highly correlated
with the risk of a type Ia endoleak.3-8 A bird-beak config-
uration can also lead to other postoperative complica-
tions, such as stent graft migration, infolding, or
collapse.6,7,9,10 In a recent meta-analysis, the frequency
of bird-beak formation was reported to be 4% to 100%
in various studies, depending on how it was defined.6

Also, the rate of postoperative complications was higher
for the patients with a bird-beak configuration than for
patients without (14.7% vs 6.3%). Several studies have
correlated the geometric parameters of bird-beak con-
figurations (ie, bird-beak length and angle; Fig 1), with
the risk of bird-beak adverse events, providing evidence
for their clinical significance.3,7,8,10 Different studies have
identified various factors that contribute to the bird-
beak formation. Pasta et al10,11 have identified the high
angulation and curvature of the aortic arch as a cause
of bird-beak formation. Similarly, Ueda et al3 found a cor-
relation between the bird-beak length and the degree of
aortic curvature. Frohlich et al12 determined that bird-
beak occurrence and geometries correlated with the
product of the aorta inner curvature and diameter. How-
ever, Sze et al8 found a weak association between the
bird-beak length and degree of curvature. Hsu et al13

found that a preoperative distal arch angle <151� can
be considered a predictor of bird-beak formation. Boufi
et al14 determined that a cutoff value of 51� for the aortic
angle at the deployment zone is predictive of a bird-beak
configuration. In a review by Nauta et al,9 they reported
that stent graft deployment in TEVAR landing zones 2
or 3 increased the risk of bird-beak formation. In a retro-
spective study, Kudo et al15 found that TEVAR landing
zone 0 will be advantageous compared with landing
zone 1 or 2 in terms of bird-beak formation risk and the
length of the formed bird-beaks.
Although the exact underlying cause of bird-beak for-

mation remains poorly understood, it is evident that its
mechanism of formation is multifactorial. In a commen-
tary, Boufi and Alexandru7 identified the need for model-
based computational simulations to better understand
bird-beak configurations and investigate the effects of
changing anatomic parameters.
In the present study, we hypothesized that the geomet-

ric and material properties of the aorta and stent graft
would contribute to the formation of a bird-beak config-
uration. We tested this hypothesis using parameter-
based computational models of TEVAR representative
of a range of patient anatomies. The primary objective
was to predict and assess the formation of a bird-beak
configuration after stent graft deployment in TEVAR
focused on aneurysms using computational finite
element simulations. The secondary objective was to
use the bird-beak length and angle as metrics to analyze
and identify the stent graft and thoracic aorta (TA) geo-
metric and material properties considered risk factors
for bird-beak formation.
METHODS
In silico computational models of stent graft deploy-

ment in TEVAR were developed using five parameters
as variables for the simulations: aortic curvature (b), a,
TA tissue mechanical properties as a function of age,
TEVAR landing zone, and stent graft oversizing. Clinically
relevant ranges of aortic geometry and tissue properties
based on population studies were used. Several TEVAR
scenarios were simulated with different combinations
of these variables. In the simulation results, the length
and angle of the formed bird-beaks (Fig 1) were
measured and statistically analyzed with respect to the
variables to characterize their effects on bird-beak
formation.

TA and stent graft computational models. In silico
three-dimensional computer aided design models of
the TA and Zenith Alpha stent grafts (Cook Medical, Inc,
Bloomington, IN) were created in SolidWorks (Dassault
Systèmes Solid Works Corp, Waltham, MA). Models of the
aorta were adopted from idealized models proposed
previously using nonaneurysmal patient population data
from the literature.16 These models span the distance
from the aortic valve to the descending aorta adjacent to
the diaphragm and included an aortic arch type I.17 As
shown in a previous study, the presence of an aneurysm
with a minimum landing zone length of 20 mm had
negligible effects on bird-beak formation.16 Therefore, it
was neglected in the aortic geometries to eliminate the
need for several models with different aneurysm loca-
tions in the simulations of the different TEVAR landing



Fig 2. Representation of aortic arch dimensions for
thoracic aortic geometry construction.16 a, aortic arch
angle; b, aortic curvature.

Fig 1. Definition of bird-beak configuration length and
angle.
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zones. The arch profile was modeled as a semiellipse
using the arch width w and height h as the ellipse axes
with a constant radius r and wall thickness throughout
the TA. The a was defined in a parasagittal plane as the
angle between the lines that connect the arch apex to
the centerline of the ascending and descending aorta at
the level of the bifurcation of the pulmonary trunk (Fig 2).
With a constant r, a can be defined as a function of w and
h. These values were previously defined based on several
population studies.16e19 The three values used for a were
56.4�, 65.8�, and 75.2�.
Thebwasdefinedalongthe lumencenterlineas theangle

between the coronal plane and the aortic arch in the axial
view (angle between lines AD and AC in Fig 2). A center of
rotation for the arch curvature angle was estimated at the
centerline of the descending aorta in the axial plane. The
three values used for bwere 49.8�, 58.1�, and 66.4�.16

Zenith Alpha thoracic endovascular stent grafts (Cook
Medical, Inc) with constant diameters and lengths of 26
and 105 mm, 28 and 109 mm, and 30 and 109 mm
were used in the simulations. The 28-mm diameter is
the manufacturer’s recommended sizing for aneurysms
for the generated TA geometries (with a 25-mm outer
diameter). The 26- and 30-mm diameters are the next
available smaller and larger configurations. These stent
grafts provided 4%, 12%, and 20% oversizing for our TA
geometries. Because 0% oversizing is more often used
for cases of aortic dissection, it was considered clinically
irrelevant in the context of aneurysms and was not
included in our study.
Material models of TA tissue. To define the mechanical
properties of TA tissue, an age-dependent five-parameter
Mooney-Rivlin model was adopted,16 which was devel-
oped based on the biaxial tensile testing data of cadaver,
nonaneurysmal TA tissue from subjects aged 13 to
78 years.20 Satisfactory computational results were ob-
tained in several studies of stent graft deployment in the
aorta using isotropic tissue models.21e26 Additionally, it
was shown previously that although an anisotropic four-
fiber-family Holzapfel-Gasser-Ogden model exhibited a
better fit than the selected isotropicmodel with respect to
experimental data, it was too complex for computational
implementation.16 The Mooney-Rivlin model, however,
had a very similar fit to an anisotropic two-fiber-family
Holzapfel-Gasser-Ogden model and was, hence, selected
for computational simplicity. The material parameters
were defined for four age groups of 41 to 50, 51 to 60, 61 to
70, and 71 to 78 years. In a previous study, the age of
diagnosis for TA aneurysms for women and men was
75.9 6 12.7 years and 62.8 6 17.3 years, respectively, con-
firming the clinical relevance of the selected age ranges.27

TEVAR landing zones. Eight locations along TEVAR
landing zones 0 to 4 were selected (Fig 3).1 Owing to
the larger lengths of zones 0 and 3, multiple landing lo-
cations along them were assigned, denoted as zones 0A,
0B, and 0C and 3A and 3B.

Computational models. Mesh generation of the com-
puter aided design models of the aorta, stent grafts,
and a Lunderquist guidewire (Cook Medical, Inc) was



Fig 3. Classification of landing zones for thoracic endo-
vascular aortic repair (TEVAR) and eight landing positions
used in the simulations.
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performed in HyperMesh (Altair, Troy, MI), and the simu-
lations were performed in LS-DYNA (Livermore Software
Technology, Livermore, CA). A mesh independence study
was performed before running the simulations. The
simulations of stent graft deployment during TEVAR
were developed using a previously proposed frame-
work.16,21 In brief, the prestressed aorta was pressurized at
the mean physiologic blood pressure of 93 mm Hg. The
stent graft was crimped, tied to the guidewire, and
positioned on the TA centerline. After the guidewire had
reached equilibrium, the stent graft was expanded and
deployed. The length and angle of the formed bird-
beaks were measured using their two-dimensional pro-
jection on a plane passing through the protruded graft
midline and normal to the graft surface. Numerical
damping was applied during the simulations to reduce
the unrealistic contact vibrations and mimic the damp-
ing properties of the surrounding tissues. Additional
boundary conditions were used to constrain the trans-
lational movement of the nodes at the proximal and
distal ends of the TA. An explicit time integration scheme
was selected because of the nonlinearity of the problem
and the large number of contacts in the computational
models. Tied contacts were used between the graft and
stents, and penalty-based contacts were used between
all simulation parts.

Design of experiment. To understand the effects of the
simulation parameters, they were considered as variables
using ranges of their values. Simulations with different
combinations of these variables were performed using
a fractional factorial design of experiment (DOE). For b
and a, three levels were considered as their mean and
mean 6 standard deviation (SD). Five TA geometric con-
figurations were developed by combining the two ex-
tremes of b and a (four configurations) and their mean
values (one configuration). To understand whether the
aortic tissue properties will have a significant effect on
bird-beak formation, only the tissue properties of the
first and last age groups (41-50 years and 71-78 years)
were used in the simulations. Such selections were useful
in maximizing the effect of different tissue properties in
the simulation results. All eight identified landing zones
(along zones 0-4) and three stent graft oversizing values
(4%, 12%, and 20%) were used.
The simulation scenarios were divided into three parts

according to stent graft oversizing (Table I). For 4% over-
sizing (Table I), all combinations of the other parameters
were used, which resulted in 80 scenarios. A preliminary
statistical analysis of these 80 simulation results (data not
shown) determined that the effect of the tissue proper-
ties for age groups 41 to 50 years and 71 to 78 years
were statistically insignificant in relation to the bird-
beak size. Hence, to minimize the number of simula-
tions, only the tissue properties for age group 41 to
50 years were used in simulations with 12% and 20%
oversizing, which resulted in 80 additional scenarios, for
a total of 160 simulations. More details about the selec-
tion of the DOE levels and simulation scenarios are pro-
vided in the Supplementary Methods.

Testing the effect of larger aortic arch diameter/width
ratios. The effect of the aortic diameter was not consid-
ered in the DOE scenarios. Although using different stent
graft oversizing values considers the relative effects of the
aortic diameter, the arch diameter/width ratio could be
significant for bird-beak formation. To test this hypothe-
sis, additional TA geometries were developed. Because
larger arch widths have been associated with larger
aortic diameters, three previously defined TA geometric
configurations with the largest w values were modified
to increase their outer arch diameter from 25 mm to
30 mm, with maintenance of their w, h, and b values.28

These modifications decreased the value of a.
For simulations with a 30-mm arch diameter, a Zenith

Alpha thoracic stent graft (Cook Medical, Inc) with 34-
mm diameter and 113-mm length was used (the manu-
facturer’s recommended oversizing). Stent graft deploy-
ment was simulated in zones 0C, 1, and 2, which had
been previously shown to be more prone to bird-beak
formation. The results of these nine simulations were
compared with the simulation with the 25-mm arch
diameter using the stent graft with a 28-mm diameter
(the manufacturer’s recommended oversizing).

RESULTS
Main effects. The bird-beak length and angle were

measured and recoded for each simulation. The mean 6

SD of the bird-beak length and angle across 160 simu-
lations was 4.32 6 4.87 mm and 9.16� 6 12.21�, respec-
tively. For each parameter, the main effects were
calculated by determining the mean of the bird-beak
length and angle for every parameter level to show the



Table I. Calculation of simulation scenario numbersa

Stent graft oversizing,
%

Geometric configurations (com-
bination of a and b), No.

Age groups for thoracic aortic
tissue properties, years

Landing zones,
No.

Simulation scenarios,
No.

4 5 41-50 and 71-78 8 80

12 5 41-50 8 40

20 5 41-50 8 40

a, Aortic arch angle; b, aortic curvature.
aTotal number of simulation scenarios, 160.
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overall effect of a parameter independently without
considering the potential interactions (Table II). The large
SD values reported in Table II resulted from the large
variance in the bird-beak data. In many scenarios, no
bird-beak formation occurred and in several other sce-
narios, the bird-beak length and angle were relatively
large. The main effects did not show a consistent pattern
between the b and bird-beak size. The mean bird-beak
length and angle decreased as the a increased. In the
simulations with 4% stent graft oversizing, the aortic tis-
sue properties for the age groups of 41 to 50 years and 71
to 78 years were both used, resulting in 40 simulations
per age group (80 scenarios in Table I). For the remaining
80 scenarios (40 with 12% and 40 with 20% oversizing),
only the tissue properties of the younger age group (41-
50 years) were used (Table I). To directly compare the
results of the two age groups under equal conditions, the
results of aortic tissue properties were grouped by their
respective oversizing values (Table II). The mean bird-
beak length and angle were slightly smaller in the
older age group. Similarly, the results of the different
oversizing values are presented by age group (Table II).
For the younger age group, the mean bird-beak length
decreased by oversizing and the mean bird-beak angle
increased. Finally, the simulation results in the different
landing zones showed that no bird-beak formations had
occurred in landing zones 0A and 4. The largest mean
bird-beak length and angle were found in zones 0C and
2, respectively. The calculated mean bird-beak length
and angle in zone 0 (including zones 0A, 0B, and 0C) was
5.8 mm and 5.2�, respectively. The mean bird-beak
length in zone 0 was smaller than that in zone 1 and
was minimally larger (by 0.6 mm) than that in zone 2.
The mean bird-beak angle was smaller in zone 0 than
those in zones 1 and 2.
Bird-beak formation in three simulation scenarios with

varying values of a and b is shown in Fig 4. Changes in b
between cases 1 and 2 resulted in a minor change in the
bird-beak size; however, the decrease in a from case 2 to
3 resulted in a noticeable enlargement of the bird-beak
configuration.

Statistical analysis of DOE. Regression modeling was
used to analyze the DOE results and investigate the cor-
relations between the bird-beak size and simulation
parameters. The dataset was normalized before
regressionmodeling. The DOE results were fit into several
regression models and compared by their adjusted co-
efficient of determination. The tested linear regression
models exhibited a poor fit owing to their inability to
predict for cases without a formed bird-beak (bird-beak
lengths and angles equal to zero). Considering the
nonlinearity of the problem and the poor predictability
of the investigated regression models, the random forest
regression modeling method was used, which has a
great predictive performance for nonlinear and high-
dimensional datasets.
To fit the bird-beak dataset to a random forest model,

the dataset was first split into training and test sets.29

The best random forest model was found for the training
dataset. The test dataset was then used to evaluate the
prediction error of the model, which resulted in a coeffi-
cient of determination of 0.75 and 0.89 for the bird-beak
angle and length, respectively. The reader is referred to
the Supplementary Methods and the study by Breiman30

for detailed descriptions of random forest regression
models.
For any given regression model, a measure of the rela-

tive importance (RI) of each variable can be calculated
using a permutation procedure, which involves
creating a new auxiliary dataset by randomly
permuting the values of the variable under consider-
ation and maintaining the other variables unmodified.
The importance of the variable is calculated as the dif-
ference in the predictive performance of the model
with the original and permuted data. After normalizing
the mean values of the RI for easier comparison, the SD
of the normalized values can be calculated to test the
hypothesis for the significance of the importance
metric, as reported by Mentch and Hooker.31 A P value
of <10% was considered statistically significant. The
landing zone and a value (Table III) were the most
important variables for the prediction of the bird-
beak angle and length, although the bird-beak length
was also influenced by oversizing.
An alternative analysis is the calculation of the Sobol

sensitivity indexes, which can provide a measure of var-
iable interactions.32 The first-order and total sensitivity
indexes for each variable and their error bars are shown
in Fig 5. The first-order indexes were used to quantify
the main effect. The total indexes included the main ef-
fects and total effects of all interactions involving that



Table II. Bird-beak length and angle at different levels of design of experiment (DOE) parameters

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

DOE parameter

b, �

49.8 4.00 6 5.00 8.91 6 13.17

58.1 4.76 6 4.73 6.94 6 8.91

66.4 3.72 6 4.77 7.90 6 12.59

a, �

56.4 5.46 6 5.45 13.97 6 15.82

65.8 4.76 6 4.73 6.94 6 8.91

75.2 2.26 6 3.60 2.84 6 4.47

Aortic tissue properties (age group)

Simulations with 4% stent graft oversizing

41-50 years 5.78 6 5.58 9.12 6 11.32

71-78 years 4.42 6 4.46 6.19 6 6.94

Simulations with 12% stent graft oversizing

41-50 years 3.85 6 4.75 9.10 6 13.98

Simulations with 20% stent graft oversizing

41-50 years 2.12 6 3.78 8.04 6 14.80

Zone

0A 0 6 0 0 6 0

0B 7.32 6 5.63 3.49 6 3.02

0C 10.04 6 4.17 12.11 6 4.23

1 7.25 6 4.18 17.38 6 14.04

2 5.20 6 3.01 21.48 6 18.51

3A 2.26 6 2.19 9.96 6 11.36

3B 0.24 6 0.73 0.47 6 1.41

4 0 6 0 0 6 0

Oversizing

Simulations with aortic tissue properties

Age 41-50 years

4% 5.78 6 5.58 9.12 6 11.32

12% 3.85 6 4.75 9.10 6 13.98

20% 2.12 6 3.78 8.04 6 14.80

Age 71-78 years

4% 4.42 6 4.46 6.19 6 6.94

a, Aortic arch angle; b, aortic curvature; SD, standard deviation.
Data presented as mean 6 standard deviation.
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variable. A difference between the first-order and total
indexes indicated the presence of interactions. The
Sobol first-order indexes coincided with the permuta-
tion importance values (Fig 5; Table III). Additionally,
the only interactions were between the a and the land-
ing zone for the bird-beak angle. All interactions for the
bird-beak length were negligible in comparison (note
the vertical scale).

Results of simulations with increased aortic di-
ameters. The results of nine simulations using the 30-
mm outer aortic diameter were compared with those
using the 25-mm aortic diameter. In all simulations with
the 30-mm diameter, the size of the bird-beak configu-
ration had increased compared with that using the 25-
mm diameter.

DISCUSSION
DOE outcomes. Statistical analysis showed that the

most significant contributors to the bird-beak length
and angle were the landing zone, a, and oversizing. The
tissue properties and b were statistically insignificant in
the prediction of bird-beak formation. For the bird-beak
length, a significant interaction was found between a
and the landing zone, which refers to enlargement of the
bird-beak in landing zones near the arch apex that was



Fig 4. Comparison of bird-beak size in three simulation scenarios with varying aortic arch angle (a) and aortic
curvature (b) values.

Table III. Relative importance for each independent variable calculated using permutation method

Variable

Bird-beak length Bird-beak angle

Normalized RI P value Normalized RI P value

b 0.011098 6 0.003952 1.00 0.008942 6 0.003257 1.00

a 0.154564 6 0.054885 2.515693e-21 0.384650 6 0.076892 1.464670e-30

Tissue properties 0.054885 6 0.015497 1.00 0.005301 6 0.001016 1.00

Landing zones 0.641460 6 0.088382 8.062982e-41 0.552169 6 0.070040 6.583712e-42

Oversizing 0.137993 6 0.024266 4.399582e-15 0.048938 6 0.010615 1.00

a, Aortic arch angle; b, aortic curvature; RI, relative importance.
Data presented as mean 6 standard deviation.
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more prominent with smaller a values. However, these
results only correspond to the Zenith Alpha stent graft
(Cook Medical, Inc) and should not be generalized to
other devices without further investigation.

Aortic geometry. Analysis of the DOE results with
respect to the aortic geometries showed an inverse rela-
tion between the a and the bird-beak size, although b
had insignificant effects on the bird-beak configuration.
Previous literature has shown similar findings because
deployment of a stent graft in a small awill require larger
stent graft bending. The spring back force, defined as the
force applied to the greater wall of the aorta by the stent
graft, results from poor flexibility of the stent graft.33 The
large bending of the stent graft in an aorta with a smaller
a will generate a greater spring-back force, leading to
straightening of the stent graft inside the aorta and
enlarging the bird-beak gap.

Age and aortic tissue properties. A comparison of the
mean bird-beak size between the two age groups
showed that the bird-beak geometries were minimally
larger in the younger age group. This might have resulted
from the increased radial forces induced by the stiffer
aortic tissue in the older age group and the inability of
the stent graft to straighten inside the stiffer artery walls.
However, the difference between the two age groups
was minor, and the statistical analysis demonstrated that
the role of the aortic tissue properties in bird-beak for-
mation was insignificant.

TEVAR landing zone. The mean bird-beak angle was
smaller in zone 0 than that in zones 1 and 2. These results
are similar to the early postoperative results of a popula-
tion study, in which themean bird-beak length and angle
were smaller in zone 0 than in zones 1 and 2.15 In addition,
the largest formed bird-beaks in these three zones were
found in geometries with the smallest a, consistent with
the observations from two previous studies.13,34 In those
studies, thebird-beak formation inzone2was significantly
associated with the aortic arch geometries with a steep
arch curvature change between zones 2 and 3, charac-
teristic of aortic arch geometries with a small a.13,34 Future
advances in stent graft design and device modifications
for the landing zones prone to bird-beak formationmight
be beneficial in reducing bird-beak occurrence.

Oversizing. To evaluate the effect of oversizing, the sim-
ulations with the smallest oversizing (4%) were used as
the baseline. Oversizing had different effects on the
bird-beak size with the different landing zones and TA
geometries. In landing zones 0A, 0B, 3B, and 4, no



Fig 5. Sobol first-order (S_1) sensitivity indexes for bird-beak length (1A) and bird-beak angle (1B), and Sobol
sensitivity indexes for two-way interactions for bird-beak length (2A) and bird-beak angle (2B). a, Aortic arch angle;
b, aortic curvature; S_T, total sensitivity index.
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bird-beak configuration had formed in 75% of the
baseline simulations. In the remaining 25% with bird-
beak configurations, oversizing either fully resolved the
presence of the bird-beak or reduced the bird-beak
length and angle size, likely owing to the increased
radial forces. In landing zones 0C, 1, 2, and 3A, oversizing
either resolved the presence of the bird-beak or reduced
the length and angle of the formed bird-beaks in w50%
of the scenarios. In the remaining 50%, oversizing mini-
mally reduced the bird-beak length but increased the
bird-beak angle. The enlargement of the bird-beak angle
mainly occurred in landing zones 0C, 1, and 2 and was
more prominent in scenarios with a smaller a.

A factor that contributes to bending resistance is the
second moment of inertia I, which is a geometric charac-
teristic of the bending body’s cross-section.35 For thin-
walled cylinders, I can be defined as follows:

I ¼ prC3t ; (1)

where rC is the cylinder radius, and t is the cylinder wall
thickness. Because t is constant across all used stent
grafts, oversizing would increase I. In TEVAR scenarios
with a smaller a and landing zone closer to the arch
apex, effective stent graft conformation will require
greater proximal stent graft bending. In such scenarios,
a stent graft with a larger diameter could pose a disad-
vantage owing to its larger I and, thus, reduced bending
ability. A study by Demanget et al36 also confirmed that
the stent graft design parameters will significantly affect
its bending flexibility.
Modeling the protruded portion of the stent graft adja-
cent to the bird-beak configuration as a fixed-end canti-
lever, a simplified relationship for the bending deflection
d and the angle of deflection f for the proximal end of
thedeployed stent graft (Fig 6) canbedefinedas follows35:

d ¼ FL3

3EI
; (2)

f ¼ FL2

2EI
; (3)

where F is the load acting on the bending part, L is the
length of the bending part, and E is the Young’s modulus
of the stent graft. Assuming t (Eq 1), F, and E (Eq 2 and Eq
3) to be constant across all scenarios and L to be equal to
the bird-beak length (Fig 6), it can be concluded that at
the proximal end of the stent graft, d and f would corre-
late, respectively, with the following:

L3

r3
; (4)

L2

r3
: (5)

In most of the scenarios in which oversizing resulted in
enlargement of the bird-beak angle, the bird-beak

length L did not change significantly with oversizing.
Considering the similarity of L among these cases, Eq 4
and Eq 5 justify that a larger stent graft radius rC would



Fig 6. Representation of protrusion (bird-beak) length L
and the protruded part of the stent graft (dashed area)
modeled as a cantilever. d, Bending deflection; f, angle of
deflection.

JVSeVascular Science Shahbazian et al 267

Volume 3, Number C
result in smaller values of d and f during bending, which
would translate into poor stent graft bending and an
increased bird-beak angle. A similar observation was re-
ported by Hsu et al13 for stent grafts landing in the distal
arch. Hsu et al13 hypothesized that the inner curvature of
the arch acts as a fulcrum and that the rigidity of the
stent graft, along with the blood flow wind-sock effect,
can lead to protrusion of the proximal stent graft and
bird-beak formation. The bird-beak angle can be further
enlarged by the blood flow force applied to the stent
graft’s protruded undersurface.13

Effect of larger aortic diameter. Increasing the aortic
arch diameter from 25mm to 30mm in nine simulations
enlarged the bird-beak size. Increasing r, with h and w
maintained, decreased a. Considering the similarity of
the stent graft oversizing in the two sets of simulations
(12% vs 13.3%), the decrease in a in simulations with a
larger r might be the reason for the enlarged bird-beak
sizes. This is consistent with the DOE findings showing
that a was inversely correlated with the bird-beak length
and angle.

Effect of bird-beak length and angle on hemody-
namics. Several studies have investigated the hemody-
namics of blood flow in the bird-beak configuration
site. In a postoperative TEVAR study, the aortic hemo-
dynamics in the presence of a bird-beak were analyzed
and a transmural pressure gradient of w10 mm Hg was
found between the luminal surface of the stent graft and
its undersurface at the bird-beak gap.2 In a similar he-
modynamics study, the effects of the bird-beak length
and angle were analyzed independently in eight sce-
narios, in which the maximum transmural pressure load
was found in the case with the largest bird-beak
length.23 Although both the bird-beak length and the
angle had an effect on increasing the transmural pres-
sure gradient, the bird-beak length played a primary role.
In another computational study, a high transmural
pressure gradient and stent graft displacement were
observed with bird-beak lengths >21 mm.37 In a post-
operative TEVAR study, longer lengths of bird-beak were
associated with a greater risk of type Ia endoleaks.3 From
these studies, it can be concluded that the bird-beak
length plays a more significant role than does the bird-
beak angle in increasing the transmural pressure
gradient and, hence, the risk of stent graft infolding and
type Ia endoleaks. Although the effect of a bird-beak
deformity on hemodynamics has been widely studied,
to the best of our knowledge, at present, no finite
element studies have focused on the initial formation of
bird-beaks. The findings from the present studies com-
plement those from previous studies by investigating the
underlying mechanism of bird-beak formation and its
contributing geometric and mechanical factors during
stent graft deployment. Hence, the hemodynamics of
blood flow were neglected, and only static blood pres-
sure was applied.

Advantages of parameter-based in silico models. In sil-
icomodels of TA have been used in several computational
studies and achieved satisfactory numerical results.38e45 In
the present study, several sources for population-based
data were used to obtain realistic and clinically relevant
ranges for the TA geometric parameters. The advantage of
the proposed parameter-based approach was that it
allowed for developing TEVAR scenarios that are not
easily attainable with patient-specific data. These models
have provided valuable insight into the factors that are
predictive of bird-beak formations. As a part of future
studies, the accuracy of the developed models in
predicting the bird-beak size will be validated using
patient-specific data. Nonetheless, the size of the formed
bird-beaks in the present study can be considered a
relative value, and our results show the trends in which
the bird-beak length and angle were affected by each
simulation parameter. The findings from our study can
inform the surgical planning and device selection process
for each patient to minimize bird-beak formation,
reducing bird-beakerelated complications and improving
patient outcomes. These findings have confirmed that a
smaller a and smaller landing zones near the arch apex
are more hostile in terms of bird-beak formation. In such
cases, additional emphasis must be placed on selecting
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the optimal stent graft design and oversizing and poten-
tially moving the landing zone to a straighter area within
the TA. Although the initial focus of the present study was
the repair of thoracic aortic aneurysms, this approach can
be extended to other pathologies treated with TEVAR to
create a more comprehensive TEVAR surgical planning
tool.

Study limitations. Although the simplified TA compu-
tational models provided the possibility for testing a
wide range of aortic geometries, they had some limita-
tions. First, the two extreme cases of aortic geometries
developed comprised the maximum w combined with
the minimum h, and vice versa. These two TA configura-
tions might be less clinically relevant, although their h/w
ratios were within realistic ranges. Second, owing to the
unavailability of other population-based data sources,
the study data used for the ranges of b and a only
included the north Indian population.17 Patient de-
mographics can pose a limitation for defining realistic
ranges for these parameters. Third, in the present study,
only aortic arch type I was considered. In two previous
population studies, no association was found between
the arch type and bird-beak formation.46,47 Therefore, the
inclusion of other arch types likely would not have
influenced the results of our study. The fourth geometric
limitation was the use of a constant arch diameter,
although, in reality, its diameter will vary along its length.
A tapered shape of the arch might have required a
tapered stent graft that varies in the proximal and distal
diameters. This effect was considered by the testing of
different stent grafts oversizing values. In addition,
testing the effects of different aortic diameters demon-
strated that the decrease in a, caused by enlarging r, was
the main reason for the enlarged bird-beaks. Finally,
instead of modeling the helical shape of the aorta, a
center of rotation was considered for the aortic curva-
ture. Although this is a simplification, in the simulations
with landing zones adjacent to this center of rotation
(zones 3B and 4), which possess a sharp local curvature,
the bird-beak size was either small or did not occur.
These results did not change significantly when varying
the value of b from 49.8� to 66.4�. This suggests that
modeling the helical shape of the aorta would likely have
insignificant effects on bird-beak formation.
For the tissue properties, using the youngest age group

(41-50 years) for most of the simulations might be less
clinically relevant for patients with aneurysms compared
with the older age group. However, such a selection was
made to develop more cases with bird-beak configura-
tions for data analysis, because bird-beak formation
was eliminated in the older age group in some scenarios.
Despite the minor variance between the different age
groups, the tissue properties were shown to be statisti-
cally insignificant. Therefore, using the tissue properties
of the younger age group potentially did not affect the
overall study results. Finally, results are only specific to
the Cook Zenith Alpha stent graft (Cook Medical, Inc).
In the present study, application of TEVAR methods

such as chimney, periscope, or sandwich techniques,
were not considered, which might have affected the
bird-beak configuration. In all the simulations, only
Cook Zenith Alpha thoracic stent grafts were used. This
is because in a subsequent patient-specific study, Cook
Zenith Alpha stent grafts were used in most of our pa-
tient cohort, which provided an opportunity for compar-
ison and validation of the idealized simulation results.
Other stent graft designs could affect these results and
will be considered in a future study.
Some of the inherent limitations of the computational

algorithm include neglecting the hemodynamic effects
of blood flow and pulsatile movement of the vessel,
which can affect the stent graft deployed position. In
addition, the surrounding tissues and structures were
not included in the computational models. Instead,
boundary conditions were imposed to estimate their ef-
fects. A method was used to pre-stress the vessel to a
zero pressure configuration before applying blood pres-
sure. However, in this method, residual stresses were
not considered. Homogeneous tissue properties were
used throughout the TA, although these properties vary
axially and circumferentially.

CONCLUSIONS
A lack of proximal stent graft apposition to the lesser

curvature of the TA during TEVAR can lead to the forma-
tion of bird-beak configuration. The bird-beak length
and angle have been shown to directly correlate with
the risk of type Ia endoleaks and were used in the
present study as metrics to investigate the role of aortic
geometry, tissue properties, landing zone, and stent
graft oversizing on bird-beak formation in a set of
parameter-based TEVAR computational simulations. A
designed simulation experiment was conducted, fol-
lowed by statistical analysis of the simulation data,
which identified the a, landing zone, and oversizing as
the most significant contributors to bird-beak formation
and size. The proposed method could be useful in the
selection of the optimal stent graft design and proced-
ure modifications to minimize bird-beak formation in
patients undergoing TEVAR.
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Supplementary Methods
Material models of thoracic aorta tissue. The Mooney-

Rivlin model used in the present study was defined as
follows:

W ¼ C10ðI1� 3ÞþC01ðI2� 3ÞþC20ðI1 � 3Þ2

þ C11ðI1 � 3ÞðI2 � 3Þ þ C02ðI2 � 3Þ2 (1)

where W, Ii, and Cij are the strain energy density function,
strain invariants, and constitutive material parameters,
respectively. The constitutive material parameters for Cij

were defined for four age groups: 41 to 50 years, 51 to
60 years, 61 to 70 years, and 71 to 78 years.
Thoracic endovascular aortic repair landing zones. To

ensure the consistency of the landing locations in the
simulations with different thoracic aortic geometries,
each of the eight identified landing zones (along zones
0-4) were defined numerically as the arc length of the
vessel centerline between the aortic root and the respec-
tive proximal landing location, normalized by the total
centerline arc length from the aortic root to the descend-
ing aorta at the level of the aortic root. The normalized
values corresponding to landing zones 0A, 0B, 0C, 1, 2,
3A, 3B, and 4 were 0.14, 0.27, 0.41, 0.51, 0.59, 0.68, 0.81,
and 0.95, respectively.
Additional details on mesh generation and the mesh

independence study. Because the thickness of the
vessel and graft fabric is significantly smaller than their
other axes, they were meshed using 1-mm triangular
and 1-mm quadratic shell elements, respectively. Simi-
larly, owing to the significantly small ratio of the guide-
wire and stent diameters compared with their other
dimensions, they were meshed using 1-mm and 0.6-mm
circular beam elements, respectively. The mesh inde-
pendence study was performed, with emphasis on the
displacements and stresses, in particular, near the prox-
imal attachment site of the stent graft and the bird-beak
configuration. The average number of nodes for the
vessels, grafts, and stents was 8318, 6160, and 1870,
respectively, and their average number of elements was
16,495, 6090, and 1870, respectively.
Design of experiment. To determine the various simu-

lation scenarios with different values of the simulation
parameters, a fractional factorial design of experiment
(DOE) was used. This statistical method allows for the
analysis and prediction of the output response of exper-
iments using only a subset of all possible combination of
variables. In the present study, the DOE was used to
effectively select the minimum number of possible
parameter combinations and simulation scenarios and
still obtain the required information.
Additional details on the selection of DOE levels. With

the assumption of a constant arch radius r, the aortic
arch angle a can be defined as a function of the arch
width w and height h. The parameter values w and h
corresponding to each value of a used in the present
study are listed in the Supplementary Table. These
values corresponded to a 25-mm thoracic aortic diam-
eter. Five thoracic aortic geometric configurations for the
simulations obtained from combining different values of
b and a are also presented in the Supplementary Table.
The two extremes of aortic curvature (b ¼ 49.8� or 66.4�)
and aortic arch angle (a ¼ 56.4� or 75.2�) were combined.
In addition, a geometric configuration with their middle
values (b ¼ 58.1� and a ¼ 65.8�) was selected to obtain
information about potential interactions between b and
a in relation to bird-beak formation.
Statistical analysis of 80 simulations with 4% stent graft

oversizing (using both age groups for aortic tissue prop-
erties) determined that the tissue properties were statis-
tically insignificant in relation to the bird-beak length
and angle. The tissue properties of the older age group
reduced or eliminated bird-beak formation. Hence, the
younger age group was selected for simulations with
12% and 20% oversizing to generate more cases with
formed bird-beak configurations for data analysis pur-
poses. The simulations with 4% oversizing (using two
age groups) allowed for the analysis of the effect of the
tissue properties on bird-beak formation and any interac-
tions between the tissue properties and other simulation
parameters.
Additional details on DOE statistical analysis. For

regression modeling, the aortic tissue properties were
considered as the only categorical parameter. All other
parameters were considered as continuous numerical
values. The landing zone was presented as the normal-
ized value of the arc length from the aortic root, previ-
ously calculated. In addition, the values of stent graft
oversizing were replaced by the diameters of the used
stent grafts (26, 28, and 30 mm). To scale the data using
different units and ranges before regression modeling,
the dataset was normalized using the z-score method
(also known as standardization), such that the mean
and standard deviation of the dataset were 0 and 1,
respectively.
Regression models. During the regression modeling,

initially, linear regression models were tested, which
exhibited a poor fit with a adjusted coefficient of deter-
mination value of 0.27 and 0.18 for bird-beak length
and angle, respectively. A major shortcoming of such
linear models is their inability to predict bird-beak
lengths and angles equal to zero, which represent
cases without a formed bird-beak configuration. An
acceptable regression model would be one that could
predict bird-beak length and angle values equal to zero
in a large number of scenarios and predict nonzero
values in other cases. Owing to the nonlinearity of the
problem and the poor predictability of the analyzed
regression models for cases without bird-beak formation,
the random forest regression modeling method was
used.
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Random forest model. Given the poor predictability
of the linear regression models for cases without
bird-beak formation, random forest regression
modeling was investigated. Random forests are a part
of the family of ensemble methods. A random forest is
a collection of shallow decision trees and can be used
for either regression or classification tasks. Decision
tree regression models split the data set recursively,
using a different independent variable and threshold
value in each node to maximize the similarity (ie,
minimize the impurity) of the data in each child node.
A decision tree is fit to a given data set by modifying
the maximum depth of the tree, minimum number of
samples allowed in a terminal node, and minimum
number of samples allowed in an internal node. In a
random forest, instead of using a single decision tree
for prediction, a collection of trees is used, and their
predictions are averaged. It has been shown that by
averaging the predictions of many shallow trees, each
fitted to a different subset of the data, the predictive
accuracy will improve and the predictive variance will
decrease.25 The reader is referred to the study by
Breiman for detailed descriptions of the underlying
theory (Breiman L. Random forests. Machine Learning
2001;45:5-32).
In the present study, a random forest model was fit to

the bird-beak data set using a grid search cross-
validation procedure, as implemented in the open-
source Python library scikit-learn (Pedregosa F, Varoquaux
G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikit-
learn: machine learning in Python. arXiv:12010490 [cs].
Published June 5, 2018). In brief, the dataset is first split
into training and test sets. The training data set is split
into five folds, a random forest model with the given pa-
rameters is fit using data from four folds, and its error is
measured using the hold out data. This procedure is
repeated five times, and the average cross-validation error
is calculated for this model. By repeating this procedure
for different combinations of model parameters, the best
random forest model will be found for the training data.
Once fit to the training data set, the test data set can be
used to evaluate the prediction error of the model.



Supplementary Table. Values of w and h for each target a
and definition of a and b values for five thoracic aorta
geometric configurations using 25-mm outer aortic
diameter

TA geometric configuration b Level, � a Level, �

w and h
Level cor-
respond-
ing to
each a,
mm

w h

1 58.1� 65.8� 76 46.36

2 66.4� 75.2� 86 43

3 66.4� 56.4� 66 49.5

4 49.8� 75.2� 86 43

5 49.8� 56.4� 66 49.5

a, Aortic arch angle; b, aortic curvature; h, arch height; TA, thoracic
aorta; w, arch width.
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