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Thoracic aortic geometry correlates with endograft

bird-beaking severity
Maxfield M. Frohlich, MS,a Ga-Young Suh, PhD,b Johan Bondesson, MS,c Matthew Leineweber, PhD,a

Jason T. Lee, MD,d Michael D. Dake, MD,e and Christopher P. Cheng, PhD,d San Jose, Long Beach, and Stanford,

Calif; and Göteborg, Sweden
ABSTRACT
Objective: Aortic geometry has been shown to influence the development of endograft malapposition (bird-beaking) in
thoracic endovascular aortic repair (TEVAR), but the extent of this relationship lacks clarity. The aim of this study was to
develop a reproducible method of measuring bird-beak severity and to investigate preoperative geometry associated
with bird-beaking.

Methods: The study retrospectively analyzed 20 patients with thoracic aortic aneurysms or type B dissections
treated with TEVAR. Computed tomography scans were used to construct three-dimensional geometric models of
the preoperative and postoperative aorta and endograft. Postoperative bird-beaking was quantified with length,
height, and angle; categorized into a bird-beak group (BBG; n ¼ 10) and no bird-beak group (NBBG; n ¼ 10) using
bird-beak height $5 mm as a threshold; and correlated to preoperative metrics including aortic cross-sectional area,
inner curvature, diameter, and inner curvature � diameter as well as graft diameter and oversizing at the proximal
landing zone.

Results: Aortic area (1002 6 118 mm2 vs 834 6 248 mm2), inner curvature (0.040 6 0.014 mm�1 vs 0.031 6 0.012 mm�1),
and diameter (35.7 6 2.1 mm vs 32.2 6 4.9 mm) were not significantly different between BBG and NBBG; however, inner
curvature � diameter was significantly higher in BBG (1.4 6 0.5 vs 1.0 6 0.3; P ¼ .030). Inner curvature and
curvature � diameter were significantly correlated with bird-beak height (R ¼ 0.462, P ¼ .041; R ¼ 0.592, P ¼ .006) and
bird-beak angle (R ¼ 0.680, P < .001; R ¼ 0.712, P < .001).

Conclusions: TEVAR bird-beak severity can be quantified and predicted with geometric modeling techniques, and the
combination of high preoperative aortic inner curvature and diameter increases the risk for development of TEVAR bird-
beaking. (J Vasc Surg 2020;72:1196-205.)

Keywords: Thoracic endovascular aortic repair; Endograft; Aortic arch; Bird beak configuration; Endoleak
Thoracic endovascular aortic repair (TEVAR) is a mini-
mally invasive catheter-based technique used to treat
aneurysms and dissections in the thoracic aorta.
Compared with open surgery, TEVAR offers lower rates
of perioperative and early morbidity and mortality, and
it continues to gain acceptance as a preferred first-line
treatment.1,2 Despite the advantages of TEVAR, compli-
cations that do occur can be severe and warrant reinter-
vention, and they can be challenging to predict
preoperatively. Such complications include endograft
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malapposition (ie, bird-beaking), endoleak, device migra-
tion, device collapse, and ischemia.3

The bird-beak configuration is defined as an incomplete
apposition of the proximal end of the endograft to the
aortic lumen wall. It is thought to develop as a conse-
quence of insufficient endograft conformability and hos-
tile aortic geometry (notably, high aortic angulation and
curvature) and may be mitigated through active control
delivery systems (ie, the ability to orient the proximal
endograft in situ).4-9 Bird-beaking occurs frequently in
TEVAR (44%) and is correlated with an increased risk of
type IA endoleak in severe cases.3 Evidence also suggests
that severe bird-beaking may lead to premature material
fatigue and contribute to device collapse and fracture.10 It
is therefore important to characterize bird-beaking in
terms of severity to lessen the occurrence and tomitigate
the risk of these complications. Furthermore, this knowl-
edge can assist physicians in optimizing implantation
strategy, selecting the device, and evaluating procedure
riskwith the aimof reducing the severity of bird-beaking.11

The medical device industry also benefits from insights
that may improve the next generation of endografts
and delivery systems to better suit hostile anatomy.
Consistent and reliable methods for measuring aortic

geometry and bird-beak severity have not been
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ARTICLE HIGHLIGHTS
d Type of Research: Single-center, retrospective
cohort study

d Key Findings: In 20 patients treated with thoracic
endovascular aortic repair (TEVAR), thoracic aortic in-
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standardized, which relegates physicians to manual
measurements that are subject to significant intraopera-
tor and interoperator variability. Here, we present robust
methods for quantifying aortic geometry and bird-beak
severity to study how native aortic geometry correlates
with the extent of endograft malapposition.
ner curvature and curvature � diameter were signif-
icantly correlated with bird-beak height (R ¼ 0.462,
P ¼ .041; R ¼ 0.592, P ¼ .006) and bird-beak angle
(R ¼ 0.680, P < .001; R ¼ 0.712, P < .001).

d Take Home Message: TEVAR bird-beak severity can
be quantified and predicted with geometric
modeling techniques, and the combination of high
preoperative aortic diameter and inner curvature is
associated with the risk for development of TEVAR
bird-beaking.
METHODS
Patient population, imaging, and geometric model

construction. This study used retrospective patient data
from a previous study that characterized preoperational
to postoperational aortic changes in patients who under-
went TEVAR with C-TAG (W. L. Gore & Associates, Newark,
Del).12 The original recruitment was based at a single
institution and included patients with type B thoracic
aortic dissection or thoracic aortic aneurysm (July
2012-March 2015). Patients gave written informed con-
sent, with approval by the local Institutional Review
Board, for their imaging data to be used for analysis and
publication. From the original 23 patients, three patients
with open aortic arch repair were excluded to rule out
any influence of open surgery. Computed tomography
angiography was performed a median of 37 days before
TEVAR and a median of 3 days after TEVAR.
Three-dimensional geometric models of the thoracic

aorta and endograft were constructed using the custom
software SimVascular (Open Source Medical Software
Corporation, San Diego, Calif) by an established method
of iterative centerline extraction and two-dimensional
orthogonal contour segmentation (Fig 1, A-D).13-15 Of
note, the aortic surface was of the true lumen (flow
lumen not including the vessel wall), and the endograft
was segmented following the center of the metallic
struts in cross-sectional views. The centroid of the ostium
of the left common carotid artery (LCCA) was identified
as a fiducial marker.

Aortic and endograft inner curve extraction. The inner
curves of the aorta and endograftwere extracted from the
aortic and endograft geometries to quantify bird-beak
severity and pertinent aortic geometric features. First, the
aortic inner curvewas defined as the shortest surface path
from the beginning of the ascending aorta to the end of
the descending thoracic aorta. To estimate this path, we
found the center of mass of the thoracic aorta, which was
consistently located inferior to the aortic arch lumen (Fig 1,
E). The center of mass was approximated by computing
the mean spatial location of the contours from the right
coronary artery to the descending aortic contour located
at the same axial level as the starting contour. The first
inner surface point was identified as the contour point on
the very first contour closest to the aortic center of mass.
The centroid-inner surface point pair was then used as a
starting point for projecting onto subsequent aortic con-
tours until the entire thoracic aorta was traversed (Fig 1,
F).16,17 Optimized Fourier smoothing was then applied to
the set of inner surface points and interpolated with
0.1-mm increment to form the final aortic inner curve.18 By
use of the aortic inner curve as a reference line, the points
on the endograft contours closest to the aortic inner curve
were selected to compose a set of endograft inner surface
points, which was subsequently smoothed and interpo-
lated to form the final endograft inner curve (Fig 1, G).

Bird-beak metrics. We define bird-beak severity in
terms of height, length, and angle using a set of four
points (Fig 2). We established these points using the
most proximal endograft inner curve point (g0), the
proximal landing point (PLP; a0), and aorta-endograft
apposition points (g1 and a1). The PLP is the point on
the aortic inner curve closest to the most proximal
endograft point. To determine the location of apposition,
we accounted for a small separation between the aorta
and endograft inner curves (due to distance between
metallic struts and contrasted true lumen as well as
noise from geometric modeling and inner curve
smoothing). The apposition location was chosen by
traversing the aortic inner curve in 0.1-mm increments
until the pair of endograft-aorta points fell below 3 mm
apart. Bird-beak length (BBL) was the Euclidean distance
between the proximal endograft inner point (g0) and the
graft apposition point (g1), bird-beak height (BBH) was
the Euclidean distance between the proximal endograft
inner point and the PLP on the aorta (g0 to a0), and bird-
beak angle (BBA) was the angle between the bird-beak
line segments of aorta (a0 to a1) and endograft (g0 to g1).

Preoperative measurements using postoperative
endograft location. To gauge preoperative risk of bird-
beaking, comparisons were performed between the
preoperative geometry and the postoperative bird-beak
severity. To extract the preoperative aortic geometry
from the segment consistent with the postoperative



Fig 1. From three-dimensional geometric model creation (A-D) to identification of inner curves (E-G). A,
Computed tomography images (shown rendered) loaded into SimVascular. B, Centerline points first selected by
hand are splined. C and D, Aortic and endograft contours are generated orthogonally to their respective cen-
terlines using image segmentation. The contour centroids in (C) and (D) are used to update the paths in (B) to
fine-tune the centerline. E, Center of mass (COM) of the aortic arch calculated from aortic arch centerline. F,
Closest point on the most proximal aortic contour used to start the vector projection process, from which the
inner curve of the aorta was defined. G, Aortic inner surface points were Fourier smoothed, and the closest points
on the endograft contours were used to form endograft inner curve.
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state, preoperative PLP was approximated using the
LCCA ostium as a fiducial marker (Fig 3). On the post-
operative geometry, the point on the aortic inner curve
closest to the LCCA ostium was found, and the arclength
distance from that point along the aortic inner curve to
the PLP was measured (Fig 3, A). Then, that arclength
distance was applied to the preoperative inner curve
LCCA location to find the corresponding preoperative
PLP (Fig 3, B).
At the preoperative PLP, longitudinal curvature on the

aorta inner curve was measured by using three equally
spaced points spanning a 30-mm window size (15 mm
between each point) and taking the inverse of the radius
of the circumscribed circle fit to those three points.14



Fig 2. Depiction of outlines of the aortic arch (gray) and
endograft (red) and definition of bird-beak length (BBL),
bird-beak height (BBH), and bird-beak angle (BBA). BBH is
defined as the shortest distance between the aorta inner
curve, referred to as the proximal landing point (PLP; a0),
and the proximal point on the endograft inner curve (g0).
The location of aorta-endograft apposition is defined by
the most proximal location where the inner curves of the
aorta (thick blue line) and endograft (thick red line)
are <3 mm apart (a1 and g1).
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Effective aortic diameter was calculated along the length
of the aorta by using the area of each contour (assuming
a circular shape) and linearly interpolating between
those contours. The effective diameter at the preopera-
tive PLP could then be extracted. Finally, graft oversizing
was defined as the percentage that the proximal graft
diameter was larger than the preoperative PLP effective
diameter.

Statistical analysis and metric combination. Pearson
correlation coefficients (R) and their respective P values
were found between preoperative aortic features at the
PLP (aortic inner curvature, effective diameter, graft over-
sizing) and bird-beak severity metrics (BBL, BBH, BBA). In
addition, the dimensionless product of inner surface
longitudinal curvature � effective diameter was calcu-
lated along the aortic inner curve and correlated with
bird-beak severity. Thresholds for significant correlations
required a P value of <.05 regardless of the strength of R.
Strong, moderate, weak, and negligible correlations were
defined as follows: strong ¼ jRj $ .70; moderate ¼ 0.70 >

jRj$ .50; weak ¼ 0.50 > jRj$ .30; and negligible ¼ 0.30 >

jRj.19 Finally, a c2 test was performed to determine
whether the prevalence of bird-beaking differed by
aortic proximal landing zone.

RESULTS
Patients, devices, and geometric measurements.

Twenty patients (66 6 11 years; 16 male) were included in
this study for assessment of bird-beak geometry. Pa-
tients’ characteristics are summarized in Table I, and
preoperative aortic metrics (cross-sectional area, inner
curvature, effective diameter, curvature � diameter,
intended graft oversizing) at the PLP and postoperative
bird-beak severity metrics (BBL, BBH, BBA) are reported
in Table II. Among the 20 patients in the analysis, 10
exhibited a bird-beak configuration, defined as BBH
$5 mm. For subgroup analysis, patients with BBH
$5 mm were assigned to bird-beak group (BBG; n ¼ 10)
and others to no-bird-beak group (NBBG; n ¼ 10). The
morphologic appearances of the BBG patients depicting
their postoperative aortic lumen and endograft models
can be found in Fig 4.

Preoperative aortic metrics and postoperative
bird-beak severity. Table III shows the resulting calcula-
tions for preoperative aortic metrics at the PLP (cross-
sectional area, inner surface longitudinal curvature,
effective diameter, curvature � diameter, proximal graft
diameter, graft oversizing) and postoperative bird-beak
severity metrics (BBL, BBH, and BBA) for all patients
and the BBG and NBBG populations. Preoperative aortic
cross-sectional area, inner curvature, effective diameter,
proximal graft diameter, and graft oversizing were not
significantly different between the BBG and NBBG pop-
ulations. However, BBG exhibited significantly greater
curvature � diameter compared with NBBG (1.4 6 0.5 vs
1.0 6 0.3; P ¼ .030). BBG exhibited greater bird-beak
severity compared with NBBG in BBL (8.8 6 3.2 mm vs
1.3 61.5 mm; P < .001), BBH (7.0 6 1.7 mm vs 2.5 6 1.4 mm;
P < .001), and BBA (28 6 8 degrees vs 20 6 10 degrees;
P ¼ .065). Fig 5 shows color mapped depictions of
curvature � diameter along the length of the preopera-
tive aorta for each of the patients in the BBG (top) and
NBBG (bottom) populations. The rate of bird-beaking
was not significantly different between aortic zones 2, 3,
and 4 for BBG vs NBBG (zone 2: 5 vs 4; zone 3: 3 vs 5; zone
4: 2 vs 1; P ¼ .624; Fig 6).

Correlation between preoperative aortic metrics and
bird-beak severity. Correlations between preoperative
aortic metrics and bird-beak severity metrics are
shown in Table IV. Inner curvature was significantly
correlated with BBH (R ¼ 0.462; P ¼ .041) and BBA
(R ¼ 0.680; P < .001), and curvature � diameter was
significantly correlated with BBH (R ¼ 0.593; P ¼ .006)
and BBA (R ¼ 0.713; P < .001). No significant correla-
tions were observed between preoperative metrics
and BBL.
DISCUSSION
The algorithm for quantifying preoperative aortic ge-

ometry and postoperative bird-beaking severity was suc-
cessful for all 20 TEVAR patient cases attempted. This



Table I. Patient and thoracic aortic endograft characteristics

Patient No.
Age,
years Sex

Pathologic
process Device size, diameter � length, mm

Proximal
landing zone Group

1 69 M D 40 � 200 2 BBG

2 57 M D 34 � 200 2 NBBG

3 75 M A 45 � 200, 45 � 150 2 NBBG

4 82 M D 34 � 200 3 BBG

5 57 M D 34 � 200, 34 � 150 3 BBG

6 60 F A 28 � 100 3 NBBG

7 50 F A 34 � 150, 31 � 100, 31 � 100 4 BBG

8 67 F A 34 � 150 3 NBBG

9 61 M D 37 � 200 2 BBG

10 68 M D 34 � 150, 40 � 150 2 NBBG

11 52 M D 37 � 200 2 BBG

12 76 M A 45 � 150, 40 � 150 3 BBG

13 58 M D 34 � 200, 40 � 150, 45 � 100, 45 � 100 2 BBG

14 89 M A 37 � 100, 37 � 100 2 NBBG

15 58 F D 31 � 150 3 NBBG

16 73 M A 45 � 150, 45 � 150 4 BBG

17 61 M D 40 � 150 3 NBBG

18 68 M A 31 � 150, 31 � 150, 31-26 � 100,a

31 � 100
3 NBBG

19 66 M A 34 � 150, 40 � 150 2 BBG

20 82 M A 40 � 150 4 NBBG

A, Aneurysm; BBG, bird-beak group (bird-beak height [BBH] $5 mm); D, dissection; NBBG, no bird-beak group (BBH <5 mm).
Proximal landing zone is the aortic zone where the proximal end of the endograft was deployed.
aTapered graft shown as proximal-distal diameter � length.

Fig 3. The preoperative proximal landing point (PLP) can be estimated using the left common carotid artery
(LCCA) as a fiducial marker in the postoperative model. A, On the postoperative model, the closest point on aortic
inner curve to the LCCA ostium is determined, followed by measuring arclength distance to the PLP (shown in
teal). B, The process is repeated on the preoperative model using the LCCA ostium and arclength distance
(derived in A) to calculate the preoperative PLP.
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study demonstrates that geometric modeling and quan-
tification can be used to standardize the measure of
bird-beaking severity and to investigate causative factors
preoperatively. We found that high longitudinal inner
curvature and large diameter of the aorta, when present
at the proximal landing zone, appear to induce a
synergistic effect that increases the risk for development
of bird-beaking. By color coding curvature � diameter
(1/mm*mm), a dimensionless quantity, onto the preoper-
ative aorta, we demonstrate how aortic anatomy may be
used to preoperatively map areas with higher risk of mal-
apposition (Fig 5). The evidence supports the notion that



Table II. Preoperative aortic cross-sectional (CX) area, inner curvature, effective diameter, curvature � diameter, and
intended graft oversizing at the proximal landing point (PLP) and postoperative bird-beak severity described by bird-beak
length (BBL), bird-beak height (BBH), and bird-beak angle (BBA)

Patient
No.

Preoperative aortic metrics
Postoperative bird-beak severity

metrics

Group
CX area,
mm2

Inner curvature,
mm�1

Effective
diameter, mm

Curvature
� diameter

Graft
oversizing, % BBL, mm BBH, mm

BBA,
degrees

1 898.2 0.055 33.6 1.8 19 8.3 8.6 43 BBG

2 773.4 0.058 29.7 1.7 15 0.6 3.3 37 NBBG

3 1140.9 0.029 40.1 1.2 12 0.6 1.6 43 NBBG

4 1056.2 0.050 36.2 1.8 �6.1 9.7 6.6 22 BBG

5 816.5 0.038 33.4 1.3 2 6.0 5.7 28 BBG

6 464.5 0.058 24.1 1.4 16 0.3 1.4 26 NBBG

7 1044.4 0.063 37 2.3 �8.2 9.6 9.3 41 BBG

8 599.3 0.029 29.6 0.9 5 0.6 0.8 9 NBBG

9 1003.0 0.035 35.3 1.2 5 12.3 8.9 29 BBG

10 964.4 0.019 34 0.6 0 0.7 1.2 7 NBBG

11 880.5 0.053 33.2 1.8 12 7.2 5.5 21 BBG

12 922.2 0.032 36.3 1.2 10 15.5 8.5 21 BBG

13 1098.9 0.035 38.4 1.3 17 7.8 5.9 23 BBG

14 926.0 0.022 31.2 0.7 19 0.4 3.2 27 NBBG

15 675.0 0.027 32.3 0.9 �4 4.6 4.7 22 NBBG

16 1160.2 0.033 39.8 1.3 0 5.7 5.2 24 BBG

17 1161.7 0.029 37.6 1.1 20 3.4 4.4 26 NBBG

18 588.4 0.032 26.4 0.8 17 0.8 2.5 11 NBBG

19 1143.7 0.032 38.9 1.3 3 5.7 5.4 26 BBG

20 1044.6 0.024 35.8 0.9 12 0.5 1.5 9 NBBG

BBG, Bird-beak group (BBH $5 mm); NBBG, no bird-beak group (BBH <5 mm).
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bird-beaking is a complex, multifactorial phenomenon
that is due to a combination of geometric conditions
and constraints.
Predicting bird-beaking using the dimensionless metric

curvature � diameter makes sense in considering how a
tube bends around a curve. Usually, the inner surface
shortens while the outer surface lengthens for the tube
to maintain a parallel orientation to the curved center-
line. Starting from a straight configuration, the endograft
implanted into the larger diameter aorta requires more
inner curve shortening or outer curve lengthening to
maintain a parallel orientation. If the graft material on
the outer curve of the endograft is not able to sufficiently
lengthen, the endograft would tend to hug the outer
curve of the aorta and create malapposition at the inner
curve, that is, bird-beaking (Fig 7).
This means that although the aortic geometry is impor-

tant, device design and its ability to accommodate “hos-
tile” geometry also affect the underlying mechanics of
endograft malapposition. Because the graft material
used in TEVAR endografts (Dacron or expanded
polytetrafluoroethylene) is relatively stiff, the outer sur-
face of the endograft does not stretch with bending,
whereas the graft material on the inner curve can
wrinkle to accommodate shortening. Simultaneously,
the metallic stent rings, which provide outward radial
force necessary for wall apposition and stability, are
axially rigid and limit the ability to conform to tight inner
curves. Endograft designs with lower ring length to
diameter ratio, bendable rings, outer curve graft stretch-
ability, or precurved geometries could potentially
improve wall apposition in the environment of a large-
diameter, curved aorta. Furthermore, delivery systems
that allow the surgeon to adjust the orientation of the
proximal endograft to the aortic arch may help mitigate
or prevent bird-beaking.9

Aortic geometry has previously been shown to influ-
ence the development of bird-beaking; however, the
extent of its influence has not been clearly defined.4,5,8

Whereas high curvature/angulation at the proximal land-
ing zone has been known to influence bird-beaking,
clear relationships between aortic geometry, bird-beak



Fig 4. Rendered patient anatomy depicting the aortic lumen (gray) with endograft (red) in 10 of 20 patients
presenting with a bird-beak height (BBH) >5 mm.

Table III. Average preoperative aortic metrics at the proximal landing point (PLP) and postoperative bird-beak severity
metrics

All patients BBG NBBG P value

Preoperative metrics

Cross-sectional area, mm2 918 6 208 1002 6 118 834 6 248 .068

Inner curvature, mm�1 0.035 6 0.013 0.040 6 0.014 0.031 6 0.012 .133

Effective diameter, mm 34.0 6 4.1 35.7 6 2.1 32.2 6 4.9 .059

Curvature � diameter 1.2 6 0.5 1.4 6 0.5 1.0 6 0.3 .030

Proximal graft diameter, mm 37 6 5 38 6 4 36 6 6 .273

Graft oversizing, % 9 6 8 7 6 10 10 6 6 .352

Postoperative bird-beak severity

BBL, mm 5.0 6 4.5 8.8 6 3.2 1.3 6 1.5 <.001

BBH, mm 4.7 6 2.8 7.0 6 1.7 2.5 6 1.4 <.001

BBA, degrees 24 6 10 28 6 8 20 6 10 .065

BBA, Bird-beak angle; BBG, bird-beak group (BBH $5 mm); BBH, bird-beak height; BBL, bird-beak length; NBBG, no bird-beak group (BBH <5 mm).
P value in bold indicates statistical significance (<.05).
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Fig 5. Geometry of preoperative patient aortas depicted by cross-sectional contours for patients with bird-beak
height (BBH) $5 mm (top) and BBH <5 mm (bottom). The red arrow indicates the location of the endograft
proximal landing point (PLP) on the preoperative models approximated from the postoperative models (not
shown). Color map depicts the product of longitudinal curvature and effective diameter along the inner curve of
the aorta; blue represents low value of curvature � diameter (small-diameter straight aorta), and red represents
high value of curvature � diameter (large-diameter curved aorta). BBG, Bird-beak group; NBBG, no bird-beak
group.
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severity, and subsequent type IA endoleak have hereto-
fore been lacking.3-5 This ill-defined relationship may be
due to inconsistent, manual methods of measuring
bird-beak severity, specifically BBL and BBA, and relating
them back to aortic geometry.3,5,7,8,10 We chose to use
BBH as the primary metric for bird-beak severity so
that it can be readily quantified with a defined algorithm
to improve measurement repeatability. BBL and BBA are
less consistent metrics and exhibit higher variability
based on the chosen point of apposition between the
endograft and aorta, which is in turn highly dependent
on the threshold distance between the endograft and



Fig 6. Presence of bird-beaking (bird-beak group [BBG],
bird-beak height [BBH] $5 mm) vs absence of bird-
beaking (no bird-beak group [NBBG], BBH <5 mm)
grouped by proximal aortic landing zone.

Table IV. Correlation of bird-beak severity metrics with
preoperative metrics

Bird-beak severity vs preoperative metric R value P value

BBL

Cross-sectional area, mm2 0.338 .144

Inner curvature, mm�1 0.291 .213

Effective diameter, mm 0.356 .123

Curvature � diameter 0.421 .0648

Proximal graft diameter, mm 0.235 .318

Graft oversizing, % �0.152 .522

BBH

Cross-sectional area, mm2 0.354 .125

Inner curvature, mm�1 0.462 .041

Effective diameter, mm 0.375 .104

Curvature � diameter 0.593 .006

Proximal graft diameter, mm 0.223 .337

Graft oversizing, % �0.198 .403

BBA

Cross-sectional area, mm2 0.177 .457

Inner curvature, mm�1 0.680 <.001

Effective diameter, mm 0.184 .438

Curvature � diameter 0.713 <.001

Proximal graft diameter, mm 0.152 .523

Graft oversizing, % �0.026 .913

BBA, Bird-beak angle; BBH, bird-beak height; BBL, bird-beak length.
P value in bold indicates statistical significance (<.05).
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aorta. Conversely, BBH does not rely on establishing a
threshold between two lines and can therefore be ob-
tained more consistently and accurately than BBL and
BBA. Note, however, that the BBH threshold of 5 mm
was chosen to split the patient cohort evenly and that
the clinically relevant threshold may in fact be different.
Although there was no significant difference in rates of

bird-beaking between zones 2, 3, and 4, there appears to
be a trend for more bird beaks to occur in zone 2, as has
been shown in the literature.5 Regardless, we believe that
geometric factors, such as curvature � diameter, are
more important for determining bird-beaking risk rather
than the anatomic definition of the zones themselves.
This study is limited by a small number of patients, all of

whom underwent TEVAR with endografts from a single
manufacturer and device model. However, we believe
that focusing on a single type of endograft helped
exclude variability due to endograft variety. Follow-up
studies will include larger populations of patients and
different endografts (eg, varying conformability) and de-
livery systems (eg, active control) and will assess interop-
erator and intraoperator variability, which may point to
areas in the algorithm that need to be improved to
accommodate additional anatomic and endograft vari-
ety. Note that advances in automatic image segmenta-
tion (an active area of research in machine learning)
may make these methods more feasible in a clinical
setting. In addition, future work will include comparison
of the proposed methodology with the current “eyeball
approach” of vascular surgeons and interventionalists to
test whether bird-beak severity can be lessened.

CONCLUSIONS
We developed a consistent, computational method to

quantify bird-beak severity in thoracic aorta endografts
based on anatomic geometric modeling. Preoperative
aortic anatomy, in particular the product of inner curva-
ture and diameter at the proximal landing zone, was
significantly predictive of postoperative bird-beak
severity, enabling a way to map endograft malapposition
risk from preoperative anatomy alone. This predictive
model may be helpful for physicians wishing to identify
challenging anatomies and specific problem areas for
landing zones. In addition, these insights may be used
by engineers wishing to design next-generation thoracic
endografts.

AUTHOR CONTRIBUTIONS
Conception and design: MF, GS, JL, CC
Analysis and interpretation: MF, GS, JB, ML, JL, MD, CC
Data collection: GS, JL, MD, CC
Writing the article: MF, GS, CC
Critical revision of the article: MF, GS, JB, ML, JL, MD, CC
Final approval of the article: MF, GS, JB, ML, JL, MD, CC
Statistical analysis: MF, ML, CC
Obtained funding: GS, CC
Overall responsibility: CC



Fig 7. Cross-sectional depiction of aorta (pink) and endograft (blue) showing a small-diameter aorta (30 mm) and
large-diameter aorta (40 mm) with equal inner radius of curvature (20 mm). If the outer curve does not lengthen,
as is the case for most endograft material, the larger diameter aorta yields a larger bird-beak height (BBH; 5.1 mm
vs 3.6 mm) and bird-beak length (BBL; 15.2 mm vs 11.9 mm) compared with the smaller diameter.
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