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ABSTRACT

Objective: The frozen elephant trunk procedure is a well-established technique for
the repair of type A ascending aortic dissection and complex aortic arch pathology.
The ultimate shape created by the repair may have consequences in long-term
complications. The purpose of this study was to apply a machine learning technique
to comprehensively describe 3-dimensional aortic shape variations after the frozen
elephant trunk procedure and associate these variations with aortic events.

Methods: Computed tomography angiography acquired before discharge of pa-
tients (n = 93) who underwent the frozen elephant trunk procedure for type A
ascending aortic dissection or ascending aortic arch aneurysm was preprocessed
to yield patient-specific aortic models and centerlines. Aortic centerlines were sub-
jected to principal component analysis to describe principal components and aortic
shape modulators. Patient-specific shape scores were correlated with outcomes
defined by composite aortic event, including aortic rupture, aortic root dissection
or pseudoaneurysm, new type B dissection, new thoracic or thoracoabdominal pa-
thologies, residual descending aortic dissection with residual false lumen flow, or
thoracic endovascular aortic repair complications.

Results: The first 3 principal components accounted for 36.4%, 26.4%, and 11.6%
of aortic shape variance, respectively, and cumulatively for 74.5% of the total shape
variation in all patients. The first principal component described variation in arch
height-to-length ratio, the second principal component described angle at the
isthmus, and the third principal component described variation in anterior-to-
posterior arch tilt. Twenty-one aortic events (22.6%) were encountered. The de-
gree of aortic angle at the isthmus described by the second principal component
was associated with aortic events in logistic regression (hazard ratio, 0.98; 95%
confidence interval, 0.97-0.99; P = .046).

Conclusions: The second principal component, describing angulation at the region
of the aortic isthmus, was associated with adverse aortic events. Observed shape
variation should be evaluated in the context of aortic biomechanical properties
and flow hemodynamics. (JTCVS Open 2023;14:26-35)

Aortic shape variation post-FET is associated with
aortic events.

CENTRAL MESSAGE
Aortic shape post-FET repair

with an acute angle at the
isthmus is associated with
adverse aortic events.

PERSPECTIVE

Complexity of the aortic shape after FET can be
evaluated using PCA. The PC2, describing angula-
tion at the region of the aortic isthmus, was asso-
ciated with adverse aortic events. Observed
shape variation might aid in demonstrating
shape-dependent outcomes and should be evalu-
ated in the context of aortic biomechanical prop-
erties and flow hemodynamics.
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The frozen elephant trunk (FET) procedure is a well-
established technique for the repair of type A acute aortic
dissection (TAAAD) with the goal to achieve residual false
lumen (FL) thrombosis and induce favorable aortic wall re-
modeling." Improvements in the technique and periopera-
tive management have significantly reduced surgical and
acute phase mortality.” Currently, adverse aortic events
including rupture or degeneration of residual dissection
necessitating further surgical or endovascular procedure
represent the major cause of mid- to long-term clinical com-
plications.””  Therefore, — comprehensive  imaging
surveillance is critical in patients who underwent the FET
technique for type A aortic dissection or ascending aortic
aneurysm.
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Abbreviations and Acronyms
FET = frozen elephant trunk
FL = false lumen
PC = principal component
PCA = principal component analysis
SE = standard error
TAAAD = type A acute aortic dissection
TL = true lumen

Numerous studies have investigated the aortic remodeling
post-FET repair in terms of 2- or 3-dimensional true lumen
(TL) and FL geometric measurements, the degree of FL
thrombosis, and intimal tear specifications.”’ Aortic shape
is another marker of postsurgical remodeling frequently
investigated in congenital heart disease in relation to cardiac
loading conditions and resulting flow hemodynamics.® '’ The
FET procedure typically results in altered configuration of
aortic shape and inelasticity of the central aorta.'' Surgically
modified aortic shape also tends to alter flow-mediated wall
shear forces affecting the aortic wall remodeling and FL he-
modynamic state.'””'* Last, specific aortic shapes and flow
hemodynamic interactions have been recently associated
with the risk of development of TAAAD.'” Aortic shape is
often described by diameter measurements or qualitative de-
scriptions such as “angular” or gothic arch.'® However, sub-
stantial variability in aortic shape exists after the FET
procedure because of the extent of aortic disease, tissue me-
chanics of the flap, nonuniformly dilated aortic wall, and
even the structural differences between aortic tissue, fabric
graft, and reinforced stent used distally.

Consequently, the purpose of this study was to apply
principal component analysis (PCA), an unbiased machine
learning technique, to quantitatively describe 3-
dimensional aortic shape variation post-FET procedure.
We further sought to investigate whether observed shape
variations or their combinations are associated with aortic
events. Specifically, we hypothesized that significant varia-
tion would exist in resulting aortic shape after the procedure
and that these variations will be associated with the inci-
dence of aortic events.

MATERIALS AND METHODS

As a part of a larger institutional study investigating the clinical out-
comes in aortic surgery, we identified 93 patients who underwent the
FET procedure between July 2016 and November 2021 for TAAAD or
ascending aortic arch aneurysm. Included patients underwent initial post-
operative scan before discharge from the hospital or within 1 month
from the time of surgery. All selected patients underwent an institutionally
modified version of the FET, the Buffalo technique, a modification obvi-
ating the need for commercially available hybrid graft as described previ-
ously.'” The study was approved by the University of Colorado
Institutional Review Board with the waived written consent because the
study retrospectively collected from an institutionally approved database

of all patients undergoing cardiac surgery (COMIRB #17-0198, approval
date February 6, 2017).

Aortic Segmentation and Preprocessing

Postoperative imaging protocol included thin-sliced computed tomog-
raphy angiography with triple-phase protocol. The work-flow diagram de-
picting aortic contour segmentation from the computed tomography
angiography and preprocessing for further analysis is portrayed in
Figure 1. Rough aortic contours were semiautomatically segmented in
free open source software 3D Slicer (version 4.11.2 or higher).'® To stan-
dardize aortic contours, the aortic lumen was segmented from the level of
sinotubular junction proximally to the diaphragmatic level distally. Arch
vessels or residual graft branches were removed. Last, only TL was consid-
ered for the aortic segmentation to limit the variability of residual FL. This
step is primarily motivated by the need for the objective standardization of
the input datasets before PCA analysis, which must be anatomically and
demographically standardized (eg, curvature start and end points, patient
size) for objective comparison or resulting shape vectors. FL parameters
including its starting and terminal points, variable luminal patency, extent
of thrombosis, and even communication with TL introduce variables diffi-
cult to standardize into a single unified vector representing curvature or sin-
gle lumen shape. In the final preprocessing step, prepared and trimmed
aortic contours were smoothed using Gaussian filter to remove residual sur-
face irregularities and stent-graft imprints. The 3-dimensional aortic seg-
mentations were then transformed to a surface model.

To study 3-dimensional variation of the aortic contour defined by pri-
marily by its curvature, we proceeded with the aortic centerline analysis
given the minimal radial variability as dictated by the presence of sewn
grafts and stent-grafts. Centerlines were generated using built-in Vascular
Modeling Toolkit module in 3D slicer from the created surface model be-
tween embedded fiducial points centered at proximal and distal ends of
aortic model. Finalized centerline model yielded iterative data points along
the centerline curve with 3-dimensional X, y, z coordinates with corre-
sponding distance along the aortic centerline.

Before PCA, all aortic centerlines were preprocessed in MATLAB
(Mathworks, Inc). Preprocessing involved 3 individual sequential steps:
scaling, interpolation, and Procrustes analysis. First, all individual center-
lines were scaled to mean centerline length of the considered patient pop-
ulation to limit variations in patient size and age. Second, each centerline
was interpolated to generate 100 evenly spaced points. Last, Procrustes
analysis was performed to determine an ideal linear transformation (trans-
lation, reflection, orthogonal rotation) of the individual centerline points to
best conform them to the general population mean centerline shape and
location.

Principal Component Analysis of Aortic Shape

PCA is an unbiased machine learning method used for dimensionality
reduction that converts a set of potentially correlated variables (individual
data points along the aortic centerline) and convert them into a set of new
vectors known as principal components (PCs) by the degree of variance ex-
plained. In other words, PCA seeks to identify underlying patterns in the
collected set of aortic centerlines and describes them in terms of a smaller
number of parameters (PCs and their corresponding variances). In the
context of this study, PCs can be seen envisioned as aortic shape modulators
changing a shape within a specific section of the aorta.

Sampled and preprocessed aortic centerline curves yielded a system co-
ordinate vector vy, ne [1,93] representing patient n specific aortic center-
line. These patient-specific row vectors v, = [x,V, z] were uniformly
arranged to contain a set of Cartesian coordinates for each point along
the centerline arranged by each coordinate axis such as x, = [(Xn,1,%n2,
~~~xn,100]: Yo = Uil,]7 Yn2, ~~~yn,100]s and Iy = [Zn‘laznlr ~~~Zn,l()0] ﬁlhng
into n-by-m matrix
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FIGURE 1. Work process depicting the aortic segmentation and preprocessing for the PCA. A, Computed tomography angiogram obtained before
discharge was used to derive semiautomatically delineated aortic contours that further underwent standardized segmentation involving removing aortic/graft
branches, defining the proximal and distal ends of the contour, and smoothing. B, Delineated contours were then used to build a surface model that was then
subjected to centerline analysis (C) yielding a set of principal Cartesian coordinates (x, y, and z) and corresponding curve length-distance from the origin of
the curve (L). D, Thereafter, aortic centerlines were preprocessed using sequential steps involving length scaling, data point interpolation, and Procrustes
analysis. E, Final preprocessed set of coordinates served as an input for the PCA. C7, Computed tomography; PCA, principal component analysis.

- v, - are describing the aortic shape modulation and are ranked by the proportion of
- v, - their variance and accompanied by their corresponding set of aortic curvature
M = To— PC score values s,, for each patient. These shape score values are scalar values
-V, — representing a dot product between p,, and patient-specific aortic shape vector.

To appreciate the effect of aortic shape modulators on average aortic shape v,

where M served as the final matrix for the PCA. we calculated a PC-specific shape deformation curves

Given that n < m, PCA yielded 93 PC vectors p,, n€ [1, 93] representing
aortic shape modulators each with corresponding coefficients. The p, vectors vln;ef =v+kvp,
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where k represents a scaling factor k, ke { =2, —1,0, 1,2} modulating the
effect of the PC vectors.

Statistical Analysis

All statistical analyses and data presentation were performed with Prism
(version 9.0 or higher; GraphPad Software Inc). All investigated variables
were checked for the distributional assumption of normality using normal
plots, in addition to D’ Agostino-Pearson, Shapiro-Wilk, and Kolmogorov-
Smirnov tests. Variables that were skewed were natural log transformed,
and skewed variables that included negative values were natural log-
modulus transformed for predictive analyses. Baseline demographic and
clinical variables were reported as mean or median values with correspond-
ing standard deviation or interquartile range, respectively, as dictated by the
data distribution. Intergroup comparisons were performed using Student
unpaired 2-tailed ¢ test for normally distributed continuous variables or
Mann—Whitney test for non-normally distributed variables, and chi-
square or Fisher exact test for categorical variables.

PC scores were subjected to simple univariate logistic regression anal-
ysis and intergroup comparison to explore association with the aortic
events defined as a composite of outcome including aortic rupture, new
type B dissection, thoracoabdominal degeneration with persistent dissec-
tion, enlarging thoracic ascending aortic aneurysm, aortic root dissection
or pseudoaneurysm, residual descending aortic dissection with residual
FL flow, or TEVAR complications (endoleak, dissociation). Analyses
were considered exploratory and hypothesis generating, and adjustments
for multiple variable comparisons were not performed. Significance was
based on an alpha value 0.05 or less.

RESULTS

Clinical characteristics and patient demographics are
summarized in Table 1. Presenting diagnoses or indications
for the FET procedure were in isolation or combination:
TAAAD (n = 69, 74.2%), ascending aortic aneurysm
with or without aortic valve insufficiency (n = 49,
52.7%), and isolated aortic arch pathologies (n = 6,
6.4%) including aneurysms, mycotic isolated rupture, or
pseudoaneurysm. Twenty-one aortic events (22.6%) were
encountered within a median 2.5-year follow-up and

TABLE 1. Patient demographics and clinical characteristics

included aortic rupture (n = 1), new type B dissection
(n = 4), symptomatic rapidly expanding thoracoabdominal
aneurysm requiring open or endovascular repair (n = 5), re-
sidual descending dissection with persistent FL flow
(n = 3), aortic root dissection or pseudoaneurysm (n = 3),
enlarging arch/thoracic aortic aneurysm (n = 3), and TE-
VAR complications (n = 2). There were no differences in
standard demographic parameters including age, sex distri-
bution, and body mass index between patients with and
without aortic events. Likewise, there were no differences
between patients with and without the aortic event in the
history of prior aortic pathology or presentation before the
FET.

Principle Component Analysis

The results of the PCA are graphically summarized in
Figure 2. Percent variance of aortic shapes described by
individual PCs in descending order is depicted in
Figure 2, A. The first 3 PCs accounted for 36.4%,
26.4%, and 11.6%, respectively, of aortic shape variance
and cumulatively for 74.5% of the shape variation in all
patients and were further considered for statistical anal-
ysis. The shape-modulating effect of the first 3 PCs on
the aortic centerline is depicted in Figure 2, B, and further
displayed explaining shape variations in Figure 3. The first
PC (PC1), accounting for 36.4% of patient variability,
described the variation of aortic arch height-to-length ra-
tio. Specifically, shape modulation toward negative PC1
scores formed the aortic shape with low arch height-to-
length ratio, and modulation toward positive PC1 scores
produced the aortic shape with high arch height-to-
length ratio. The second PC (PC2) described the aortic
shape modulator altering variability of the aortic curve
angle at the region of the aortic isthmus and to a minor

All patients (N = 93) No event (N = 72) Aortic event (N = 21) P value

Age (y) 60.2 (51.0-67.7) 59.9 (50.6-67.6) 60.4 (49.2-69.3) 911
Sex (female) 25 (26.9%) 22 (30.5%) 3 (14.3%) 170
BMI (kg/m?) 27.9 (24.3-31.9) 28.1 (24.6-32.6) 26.4 (23.0-29.8) .198
Aortic history

Connective tissue disease 8 (8.6%) 4 (5.5%) 4 (19.0%) .074

Aortic valve abnormality 29 (31.2%) 20 (27.7%) 9 (42.8%) 283

Aortic root abnormality 27 (29.0%) 21 (29.2%) 6 (28.6%) >.99

Prior aortic surgery 31 (33.3%) 23 (31.9%) 8 (38.1%) .608
Presenting pathology

TAAAD 69 (74.2%) 51 (70.8%) 18 (85.7%) 257
Ascending or arch aneurysm 49 (52.7%) 40 (42.8%) 9 (55.5%) 331
Additional procedure

Aortic valve replacement 18 (19.3%) 15 (20.8%) 3 (14.3%) 551

Aortic root replacement 35 (37.6%) 28 (38.9%) 7 (33.3%) 799

Data are reported as median with corresponding IQR. P value represents unpaired 2-tailed Mann—Whitney or Fisher exact test. BMI, Body mass index; TAAAD, type A acute aortic

dissection.
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FIGURE 2. A, The scree plot with cumulative percent variance of observed PCs (only first 20 PCs are displayed). B, Three-dimensional representation of
aortic centerline variation as dictated by observed PCs. PC, Principal component; SD, standard deviation.

degree a relative angle of the ascending aorta to the sino- immediate downward turn of the aorta. PC2-negative
tubular junction. Specifically, PC2-positive scores scores described the acute angle at the region of isthmus
described minimal angulation at the isthmus with the and upward orientation of the aorta. The third PC (PC3)
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FIGURE 3. Described PCs with their effect on the overall aortic shape. Top: PC1, which modules the aortic shape by altering the ascending aortic length to
arch height ratio. Middle: PC2-based aortic shape variations specifically describing the angle variation at the region of sinotubular junction and aortic
isthmus. *Depicts aortic shape variations associated with the aortic events, with blue circles emphasizing the isthmus region with acute angle variation.
Bottom: The effect of the PC3 on the aortic shape and specifically the variability in the aortic arch tilt and the insertion angle of the thoracoabdominal aorta

with respect to the diaphragm. SD, Standard deviation.

described the variation of the arch tilt (anterior vs poste-
rior) and the insertion of angle of the descending aorta
to diaphragmatic hiatus. Positive PC3 values described
the angulated/kinked portion of the thoracoabdominal
aorta, whereas negative PC3 values described the straight
segment.

Principal Components and Aortic Events
The simple univariable categorical regression analysis is
summarized in Table 2. There was no association between

PC1 scores describing the variation of aortic arch height-
to-length ratio and the aortic events (8 + standard error
[SE]: —0.002 £ 0.005, P = .711). PC2 describing the angle
variation at the region of the aortic isthmus was associated
with the aortic events (G &= SE: —0.012 £ 0.006, P = .046).
Specifically, negative PC2 scores describing a tendency to-
ward acute angle at the isthmus region were likely to be pre-
sent in patients who experienced the aortic event (Figure 3).
Last, there was no association between observed PC3 scores
and aortic events (8 + SE: 0.002 £+ 0.009, P = .860).

JTCVS Open * Volume 14, Number C 31



Adult: Aorta

Schafer et al

TABLE 2. Simple univariate logistic regression of principal
components

B +SE OR 95% CI P value
PC1 0.002 £ 0.005 1.00 0.99-1.01 11
PC2 —0.012 + 0.006 0.98 0.97-0.99 .046
PC3 0.002 =+ 0.009 1.00 0.98-1.02 .860

Data reported as beta coefficients with corresponding SE and OR. SE, Standard error;
OR, odds ratio; CI, confidence interval; PC, principal component.

Projection of patient-specific scores on the first 2 PCs with
categorical labeling of no event versus aortic event is de-
picted in Figure 4.

Intergroup comparison of individual PC scores between
patients with no aortic event versus event group is summa-
rized in Figure 5. There was no difference in observed
scores between the considered groups for PClI
(—=1.0 &£ 472 vs 3.6 £ 63.1, P = .724) and PC3
(—=0.3 + 295 vs 0.9 £+ 23.3, P = .861). PC2 scores
describing the variation in the isthmus and sinotubular junc-
tion angles were higher in patients who experienced no
aortic events (4.9 £+ 42.7 vs —16.9 + 39.1, P = .038).

DISCUSSION

Shape is a recognized aortic biomarker with a potential to
predict clinical and hemodynamic events.'”*'**" In the past,
aortic shape has mostly been described using semiquantita-
tive markers such as tortuosity, curvature index, tapering, or
by qualitative descriptors such as Gothic, crenel, or Roman-
esque arch. Recently, more comprehensive approaches
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comes.™”"” In this study, we describe aortic shape varia-
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oping adverse aortic events. Specifically, shape type with
the acute angulation at the region of the aortic isthmus
was associated with subsequent aortic events independently
of common preoperative risk factors. Further study is
required to determine whether the shape is causal or a
marker of the anatomic issues intrinsically prone to
complications.

Although advancements have been made in FET surgical
techniques, less progress has been made in reduction of
long-term aortic complications. The mid- to long-term re-
ports on incidence of aortic events after the FET vary in
many studies ranging from approximately 16% to
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aortic events. PC2 scores representing shapes with more obtuse angle were significantly higher in patients with no aortic events. CI, Confidence interval.

increased long-term risk of aortic events. Current surveil-
lance techniques describe aortic remodeling after the FET
in terms of TL and FL size parameters or aortic growth
rate.*** Likewise, the most frequently assessed aortic pre-
dictors are aortic size parameters, with the preoperative
maximum descending aortic diameter having the strongest
potential to predict aortic events,®***’

The impetus for this evaluation came from the ideas that
some patients have increased myocardial afterload after
thoracic endovascular aortic repair or arch repair.”*”’
This spurred the thought that shape may play a role in addi-
tion to extent of repair. Better understanding of these prin-
ciples may facilitate a more cardiac friendly repair. The
presence of the stent-graft and acute angulations create a
compliance mismatch resulting in additional backward
wave reflections elevating myocardial afterload.®”® Acute
angle variation at the region of the aortic isthmus or sinotub-
ular junction described in this study by PC2 is a prominent

feature of aortic shape post-FET. With the advent of FETs,
the proximal position of the stented repair was distal to the
left subclavian. Many surgeons have proximalized this stent
for ease of repair, but the effect of this on the clinical out-
comes and even the effect on the cardiac work are not
known. This study is the initial foray into validating optimal
shape of repair.

Clearly, there is direct interplay between the vessel shape
and the resulting flow hemodynamics. Flow-mediated
forces such as wall shear stress impacting aortic wall re-
modeling are inherently determined by the aortic shape
and size.”””' Aortic shape postcoarctation repair or
Norwood reconstruction is also associated with abnormal
blood pressure response and backward traveling wave
reflections elevating ventricular afterload.™'®”® Specif-
ically, angulated Gothic arch has been described as a risk
factor for developing long-term hemodynamic sequalae
such as systemic hypertension. Unfortunately, similar
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studies mainly exist in congenital patient populations, and
investigations in adult thoracic aortic disease focusing on
aortic shape postsurgical repair are missing. In our study,
PC2 describing angulation at the region of the aortic
isthmus was associated with composite aortic events. Pres-
ently, we do not know exactly what the biomechanical
disadvantage role of this shape variation might be, but we
plan to investigate this aortic variant in future studies using
wave intensity analysis and flow imaging. The observed as-
sociation was the only significant predictor of the aortic
events in contrast to the presence of connective tissue dis-
ease and the TAAAD diagnosis, 2 recognized strong predic-
tors of postoperative complications.” Our current practice
technique is to create a proximal stent-graft fenestration
to alleviate mechanical tensile and flow-mediated wall
shear stress at the region of the isthmus-descending thoracic
aorta.

The PCA and statistical shape analyses have been used in
aortic investigations before. An interesting prospective
study by Williams and colleagues'” evaluated native aortic
shape in patients serially followed for ascending thoracic
aortic aneurysm using PCA of the 3-dimensional deforma-
tion matrix of the thoracic aorta. The authors identified the
PC associated with aortic tortuosity, size, and ascending:-
descending size ratio, which approached statistical signifi-
cance when predicting the chance of developing TAAAD.
This exciting novel approach might significantly aid with
the surveillance and risk assessment in patients diagnosed
with ascending thoracic aortic aneurysms. Cosentino and
colleagues™ similarly investigated patients with ascending
thoracic aortic aneurysms and described PCA-based model
predicting the need for surgery, which superseded the base-
line model based on maximum aortic diameter. A study
focusing on flow hemodynamic—geometry interactions re-
vealed mechanistic changes in the velocity patterns, blood
pressure, and wall shear stress with changes in principal
shape modes.”” We plan to investigate the observed postsur-
gical shape changes in conjunction with flow-sensitive im-
aging techniques such as 4-dimensional flow and standard
phase-contrast magnetic resonance imaging to further
appreciate the effect on flow hemodynamics and wave
propagation.

Study Limitations

We recognize several limitations pertinent to this study.
First, this was a retrospective study that involved only pa-
tients with TAAAD or ascending aortic/arch aneurysm.
These diagnoses represent a significant risk factor for post-
surgical complications. Our future studies will focus on
validation of observed association with aortic events by
investigating patients who underwent different types of
aortic surgery (hemiarch replacement, zone 2 arch replace-
ment with stage endovascular repair). Second, our prepro-
cessing of aortic contours involved removal of head and
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neck vessels and inclusion of TL only for the aortic segmen-
tation. The positioning of arch vessels influences important
physiologic events such as pressure wave reflections and
flow hemodynamics.”’ As stated in the “Materials and
Methods” section, we focused on TL segmentation to limit
the shape variability that would occur in patients with resid-
ual patent communications or variable degree of FL throm-
bosis. In future studies, we will also focus on a more
iterative shape analysis approach to the more easily stan-
dardized shorter segment of the thoracic aorta. Last, our
study did not focus on aortic diameter variation along the
aortic length. That parameter can be subjected to similar
PCA analysis, but for the reasons described we decided to
not pursue that investigation at this time. Overall, we
consider our results preliminary and encourage replication
of our findings in similar cohorts to assess the potential of
aortic shape after the FET procedure to become a surveil-
lance risk factor.

CONCLUSIONS

The complexity of aortic shape after FET repair can be
evaluated using PCA. The PC2, describing angulation at
the region of the aortic isthmus, was associated with adverse
aortic events. Observed shape variation might aid in risk
stratification for future aortic events and should be validated
in patients with broader thoracic aortic disease diagnoses
and in different surgical techniques. Future studies should
evaluate observed shape variation in the context of aortic
biomechanical properties and flow hemodynamics.
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