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Abstract

Objectives: Even after successful aortic coarctaion (CoA) repair, there remains a significant
incidence of late systemic hypertension and other morbidities. Independent of residual
obstruction, aortic arch morphology alone may impact on cardiac function and outcome. We
sought to uncover the relationship of arch three-dimensional (3D) shape features with
functional data obtained from cardiac magnetic resonance (CMR) scans.

Methods: 3D aortic arch shape models of 53 patients (mean age 22.3+5.6 years) 12-38 years
following CoA repair were reconstructed from CMR data. A novel validated statistical shape
analysis method computed a 3D mean anatomic shape of all aortic arches, and calculated
deformation vectors of the mean shape towards each patient’s arch anatomy. From these
deformations, 3D shape features most related to left ventricular ejection fraction (LVEF),
indexed left ventricular end diastolic volume (iLVEDV), indexed left ventricular mass (iLVM),
and resting systolic blood pressure (BP) were extracted from the deformation vectors via partial
least squares regression.

Results: Distinct arch shape features correlated significantly with LVEF (r=0.42, p=0.024),
iILVEDV (1=0.65, p <0.001) and iLVM (r=0.44, p=0.014). Lower LVEF, larger iLVEDV and
increased iILVM were identified with an aortic arch shape that has an elongated ascending aorta
with high arch height-to-width ratio, a relatively short proximal transverse arch, and a relatively
dilated descending aorta. High BP appeared to be linked to gothic arch shape features, but this
did not achieve statistical significance.

Conclusions: Independent of hemodynamically important arch obstruction or residual CoA,
specific aortic arch shape features late after successful CoA repair appears to be associated with
worse left ventricular function. Analyzing 3D shape information via statistical shape modeling

can be an adjunct to long-term risk assessment in patients following CoA repair.



Abbreviations and Acronyms

2D 2-dimensional
3D 3-dimensional
CMR Cardiovascular Magnetic Resonance
CoA Coarctation of the Aorta
LVEF Left ventricular ejection fraction
iLVEDV | Indexed left ventricular end diastolic volume
iLVM Indexed left ventricular mass
BP Resting systolic blood pressure
SSM Statistical Shape Model(ling)
E-E End-to-end anastomosis
ExtE-E Extended end-to-end anastomosis




Introduction

Despite being perceived as a straightforward lesion with proven and reproducible corrective
surgical and interventional techniques, coarctation of the aorta (CoA) remains a clinical
challenge due to a well-recognized high incidence of late complications and morbidities, even
after successful repair. (1-4) In late follow-up, multiple studies have now demonstrated a
persistence of chronic difficult-to-treat systemic hypertension with associated left ventricular
hypertrophy, reduced exercise capacity, and progressive diastolic heart failure. (3-6) Therefore,
long after a ‘successful’ isolated CoA repair with no residual anatomical or hemodynamic
obstruction, a significant portion of these patients do not have a ‘successful’ cardiovascular
life, requiring a life-long monitoring and chronic pharmacological management.

As part of the efforts to delineate contributing factors to the CoA puzzle, several investigators
have examined the role of aortic arch shape. Discounting the obvious negative effects of
residual stenosis or hypoplasia, certain morphologies, or appearance, of the surgically
reconstructed aortic arch following isolated CoA repair has been identified to be associated
with worse clinical outcome. (7-13) For example, the much ascribed “gothic” aortic arch with
its exaggerated height-to-width ratio and distinct angulation at the crest is very likely less
desirable than a more rounded and smoother ‘romanesque’ arch. Despite appearing logical and
obvious, conclusive association between systemic hypertension and gothic arch shape
remained elusive, with additional confounding issues of transverse arch and isthmus sizes
adding to the controversy. (10, 14) It is most likely that a large part of these discrepant
observations is due to the fact that majority of these studies applied traditional shape analysis
based on linear two-dimensional (2D) measurements. Being widely variable in shape, angles,
and size in three dimensions (3D), surgically reconstructed aortic arches following CoA repair
cannot be adequately analyzed by traditional morphometric methods using a ruler to measure
lengths and diameters, since these are insufficient to provide a comprehensive description of
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the multitude of morphological permutations. Indeed, even for a ‘gothic’ arch, to fully capture
all its nuances and characteristics, a sophisticated approach that quantitatively combines all
complex features in 3D is needed. Therefore, we applied a novel, validated 3D statistical shape
analysis method (SSM) that quantitatively evaluates the ascending aorta/arch morphology as a
single, contiguous 3D unit, without the need for manually measuring its numerous dimensions.
(15 - 19) We hypothesized that unique 3D arch shape features extracted via the SSM are
associated with left ventricular functional parameters and systemic blood pressure in patients

late following isolated CoA repair.



Patients and Methods

Patient population and imaging

We analyzed routine follow-up CMR imaging data (1.5T Avanto MR scanner, Siemens
Medical Solutions, Germany) of 53 asymptomatic patients late following isolated aortic
coarctation repair (CoA; mean age 22.3+5.6 years, Table 1), including scans from 2007 to 2015
(Figure 1, left). The CMRs were obtained 12 to 38 years (mean 20.6+5.0 years) following
initial CoA repair, and none had hemodynamically significant residual aortic arch obstruction
or CoA requiring revision/reintervention as determined by Doppler echocardiographic
interrogation. 36 patients had initial repair during the first year of life (68%), 7 patients in
second year, and 10 patients more than 5 years after birth (with the oldest age at repair at 10
years). Patients with additional left-sided obstructive lesion (including hypoplastic left heart
syndrome) or hypoplastic aortic arch/interrupted aortic arch were excluded, as well as those
with aneurysmal dilatation and those with imaging artifacts due to stents or valve prosthesis.
Approximately 80% of the cohort had an end-to-end (E-E) CoA repair, while nearly half had a
bicuspid aortic valve (Table 1). Ethical approval was obtained for the use of image data for
research, and all patients or legal guardians gave informed consent.

Left ventricular ejection fraction (LVEF), end diastolic volume (LVEDV) and ventricular mass
(LVM) were calculated from the CMR short-axis stack (Table 1). Resting systolic blood
pressure (BP) was measured during CMR acquisition using a cuff in the right arm. Body
surface area (BSA) was calculated following the Haycock formula (20), and parameters were
indexed with BSA, where appropriate, denoted with a preceding lower case i (i.e. iILVEDV and
iLVM).

Aortic arch volumes were segmented and reconstructed from the CMR using a 3D balanced,
steady-state free precession (bSSFP) whole-heart sequence during mid-diastole rest using

Active Contours segmentation tools (21). The 3D reconstructed surface models were exported
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as computational surface meshes, and were cut consistently with a plane below the aortic root
(subannular) and at the level of the diaphragm using The Vascular Modeling Toolkit (VMTK,
(22)). Head and neck vessels and coronary arteries were removed. Prior to 3D shape analysis,
the obtained aortic arch shapes from all patients were pre-aligned on top of each other using an
iterative closest point algorithm in VMTK. (23) The meshed, cut and aligned 3D arch surface
models of all 53 aortic arches constituted the input for the statistical shape model (SSM) (Figure

1, left). (15)

Statistical shape analysis method (SSM)

The SSM approach was used to process and analyze all 3D shape information provided by
the 53 aortic arch surface models in an integrated computational model, with no need for
additional manual measurements or land-marking. (24, 25). Essentially, from the 53 meshes
derived from the CMR, the SSM framework (Deformetrica, www.deformetrica.org)
computes a template or atlas, i.e. the 3D anatomical mean shape as seen in Figure 1, right,
blue. (18) From this template, each patient’s aortic arch shape can be fully described by its
unique, patient-specific set of deformation vectors (“forward approach”) (26), that recreates
each of the 53 patient arches by deforming the template aorta towards the patient shape. All
sets of deformation vectors together numerically describe the 3D shape features present in the
population, with no need for a collection of 2D measurements, coordinates, angles, points, or
landmarks, thus allowing statistical analysis to assess how shape variability relates to clinical

parameters. (15, 16)

Partial least squares regression (PLS) was applied to the computed deformation vectors, in
order to extract 3D shape features (i.e. shape deformations) most correlated to the four clinical

response parameters (LVEF, iLVEDV, iLVM and BP). (15, 19, 27) Prior to extracting shape
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features related to functional parameters, size effects due to differences in BSA between
patients were removed via a first PLS regression, as described previously (15, 19). Each
extracted shape feature can be visualized in 3D (28) by deforming the computed template shape
along the extracted deformation vectors (“PLS modes”) from low (-2 standard deviations, SD)
to high (+2SD) values of the response parameter relative to the template. Furthermore, a shape
vector is calculated which numerically quantifies how much of the extracted shape features
related to the clinical parameter are contained within each patient’s arch. (15, 27) Therefore,
each patient’s 3D shape information, initially provided as a multitude of deformation vectors,
is broken down to one, unit-less number that represents the severity of the extracted shape
feature within each of the 53 patients in relation to a functional clinical parameter. (15, 16, 19,

27)

The SSM template shape and patient-specific deformation vectors were thus computed. The
template shape was validated as the representative mean shape of the 53-patient cohort in two
ways. First, geometrically, by comparing gross geometric characteristics (volume V, surface
area Asuf and centerline length Lcr) of the template against the respective mean values from
the entire population extracted via VMTK. (15) Secondly, the template shape was validated
numerically via 10-fold cross-validation: the dataset was divided randomly into 10 subsets and
the template was re-computed 10 times based on a reduced dataset of 9 subsets, until each of
the 10 subsets had been left out once, in order to verify independence of the included subjects.

27)

Traditional 3D morphometrics

In order to allow for an additional quantitative shape assessment of the derived shape patterns

related to functional parameters, we measured traditional morphometric parameters on the
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computed 3D shapes and on the obtained template aorta (Mimics, Materialise, Leuven,
Belgium): arch height h to width w ratio (h/w) just above the aortic root and, at the same level,

the best fitting ascending and descending aortic diameter (Dasc and Dudesc respectively) ratio

(Dasc/ Ddesc)-

Statistical Analysis

Associations between the four functional parameters (LVEF, iLVEDV, iLVM and BP) and the
shape vectors describing 3D arch shape features were assessed via standard bi-variate
correlation analyses. Pearson’s r is reported for parametric, normally distributed data. Non-
normality was assumed if the Shapiro-Wilk test was significant, assuming a significance level
of p<0.05. For correlation analyses, computed p-values were adjusted for multiple comparisons
via permutation tests with 100,000 permutations at a-level 0.05 (29). As PLS regression is
sensitive to outliers (30), the Cook’s distance (measuring the influence of a single subject on
the final regression results) was computed for each PLS regression run. For all the PLS
regression runs using functional parameters, two subjects exceeding four times the mean
Cook’s distance were considered to be influential and were subsequently removed from the
respective shape feature extraction. Prior to extracting shape features related to functional
parameters, size effects were removed by regressing the computed deformation vectors with
BSA. One subject had to be removed from subsequent analyses for being influential to the
regression, following the Cook’s distance analysis.

Statistical tests were performed in Matlab and SPSS (IBM SPSS Statistics, SPSS Inc., USA).



Results

Template aortic arch

Qualitatively, the template aorta, derived as the mean 3D aorta shape computed from the 53-
patient cohort, had a moderately increased height-to-width ratio and a non-angulated
romanesque-type arch shape without any distinct narrowing or re-coarctation (Figure 1). These
features were typical of what a surgeon or cardiologist would label as a ‘perfect’ aortic arch
following CoA repair. As a validation, traditional morphometric parameters measured on the
template shape were close to their respective mean values as calculated from the entire cohort
(Table 2), with an overall deviation of 3.3% (individual deviations AV=5.6%, AAsu=3.0%,
and ALc1=1.4%). In addition, cross-validation confirmed that removing subjects randomly
from the population did not change the template shape significantly (average surface distance
between original template shape and cross-validated shapes ADgut = 0.285+£0.07mm). The

template was thus validated as a representative anatomic mean shape of our cohort.

Correlations between arch shape features with left ventricular function, volume, and
mass

PLS regression results showed derived 3D shape vectors to be significantly correlated with
LVEF, even after adjusting for multiple comparisons (r=0.42, p=0.024). Shape features that
were associated with lower LVEF include an overall gothic-like aortic arch shape with elevated
height-to-width ratio (h/w=1.33, Table 2) and an elongated ascending and shorter transverse
arch and a slight size mismatch between a smaller isthmus and larger descending aorta. In
contrast, a shorter, generally more rounded arch was associated with higher LVEF (h/w = 0.93;
Figure 2). Moreover, the nearly identical aortic arch features associated with lower LVEF were
also observed to correlate with both increased iLVEDV (h/w=1.73; r=0.65, p<0.001, Figure 3)

and higher iLVM (h/w=1.47; r=0.44, p=0.014, Figure 4).
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Conversely, aortic arches associated with both low iLVEDV and low iLVM featured an overall
more compact and rounded (romanesque) arch shape (h/w=0.73 and 0.70, respectively) with a
larger ascending arch that tapers into a relatively smaller distal transverse and isthmus arch

continuation (Dasc/Ddesc=1.73 and 1.96, respectively).

Correlations of arch shape features with systolic blood pressure at rest

High systolic resting BP was identified with a gothic-type arch shape (h/w=1.41) presenting
with a mild ascending arch dilation and a narrow and short transverse arch with exaggerated
acute angulation at its apex, followed by mild diameter increase from isthmus to descending
aorta (Figure 5). The aortic arch shape associated with low BP showed a more crenel-like,
longer and rounded aortic arch. While initially significant in stand-alone statistic, this shape to
BP association did not reach statistical significance after adjusting for multiple comparisons

(1=0.32, p=0.160).
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Discussion

The goal of surgical repair of CoA is to restore unobstructed systemic blood flow through the
aortic arch, with the additional beneficial consequence of life-long freedom from hypertension.
However, an observation is emerging that a significant number of patients late after what
appeared to be successful CoA repair with no residual obstructive lesion suffer from systemic
hypertension and exaggerated blood pressure response to exercise. (3-6) While intrinsic
abnormal aortic wall properties exist in patients with aortic arch anomalies, investigations into
the role of arterial elastance and compliance have not yielded definitive mechanistic link with
systemic hypertension in patients following CoA repair. Recently, the appearance of the aortic
arch in patients following CoA repair has been called into question as a potential contributor
to poor late outcomes. (2) Again, traditional linear 2D measurements have led to conflicting
results. There is no question that the aortic arches in patients who had CoA repair look different
from those of healthy individuals. This is confounded by the fact that not only different
operative techniques exist, but the entire ascending aorta-aortic arch-isthmus-descending aorta
complex can vary greatly in size and shape from patient to patient, in addition to differing
incidences of residual arch obstruction, dilatation, and tortuosity. Therefore, to accurately
capture all the features within an aortic arch following CoA repair requires a sophisticated
analysis of its modified (i.e. repaired) and unmodified (i.e. native) characteristics in 3D space.
In this study, using a novel 3D statistical shape analysis method (SSM) that is capable of
extracting and visualizing complex aortic arch shape features, unique aortic arch features late
following CoA repair were found to correlate with poorer left ventricular function and
increased left ventricular volume and mass. This methodology, which combines CMR-based
computational modeling and advanced statistical analysis, is based on defining a mean aortic
arch that is representative of the average shape from a specific patient cohort. Adopting a
template aorta based on subjects with normal hearts and normal aortic arches would be
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meaningless for CoA patients due to the compulsory aortic arch reconstruction and the known
variations in arch geometry among these patients. Therefore, the template aorta (Figure 1) is
derived from the 53-patient cohort as the ‘norm’ for a CoA patient, with a smooth ‘candy-
cane’-like curvature that extends from the ascending aorta to the descending. Free from
obvious obstruction or acute changes in size and cross sectional area, this template would
typically be one that surgeons and cardiologists would consider a successful repaired aortic
arch.

From this template, the SSM quantified shape features or deformation vectors that correlated
with lower LVEF, larger iLVEDV and higher iLVM. This suggests that independent of
hemodynamically important residual obstruction, stenosis or hypoplasia, how the aortic arch is
shaped can be associated with poorer left ventricular performance. It appears that the common
features linked with these worse left ventricular functional parameters are aortic arches with
elongated ascending aorta, increased height-to-width ratio, and shorter transverse arch and a
slight size mismatch between a smaller isthmus and larger descending aorta. Interestingly,
common features observed in those aortic arches associated with better left ventricular
parameters included overall smaller arch complex, slightly oversized ascending aorta, more
rounded and longer transverse arch, and smoother match between isthmus to descending aorta.
However, it should be noted that all the patients were asymptomatic from heart failure. Indeed,
the lowest LVEF in the cohort was 52%, and highest iLVM and iLVEDV were within
acceptable limits. Nonetheless, the combination of higher left ventricular mass and volume are
known to be risk markers for increased cardiovascular morbidity, including coronary artery
disease and cerebral vascular accidents. (4, 31)

While residual arch stenosis has been previously associated with higher iLVM by Ong et al
(7), the strong correlation uncovered in this study highlighted the importance of shape alone,

independent of flow obstruction, could play a role in late CoA outcomes. Along the same vein,
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our study also examined, for the first time, the role of the overall proportion of the intrathoracic
aorta. With the aortic arch geometry reconstruction uniformly obtained from the aortic root to
the diaphragm in each patient, and influence of different body size eliminated, smaller and
more compact, rounded arches seemed to be associated with better left ventricular function.
Yet, overall arch size cannot be accounted for when using traditional morphometric. Therefore,
the overall intrathoracic aorta size appears to be relevant, further justifying assessing the 3D
shape anatomy contiguously in whole.

The trend that elevated resting blood pressure was associated with a gothic-type aortic arch
shape was in line with other studies, some of which also showed association with exaggerated
blood pressure response to exercise. (32, 33) Presence of abnormal wall properties of the entire
systemic arterial tree, such as reduced compliance and distensibility, has been shown
previously to exist in CoA patients with hypertension. (5, 6, 34) The present shape analysis
methodology cannot account for aortic wall property variations, which could potentially
confound the association between arch shape and hypertension. Combined with our recent
development of wave intensity analysis which can evaluate arterial wall distensibility and
elastance, it is possible in the future that these two CMR-derived methods can reveal a clearer
relationship between aortic arch shape and hypertension.

Lastly, it is worth to highlight the similarity and difference seen between aortic arch shape
features in CoA patients and those in patients following the Norwood procedure for hypoplastic
left heart syndrome (HLHS). In a recent study applying the same methodology in HLHS
patients following the Norwood-type aortic arch reconstruction (16), we described a significant
correlation between unique aortic arch shape features and increased right ventricular end-
diastolic volume and other adverse outcomes. While these two studies concurrently
demonstrate the possible importance of aortic arch shape, there is a major difference: the aortic

arch shape and morphology following the Norwood procedure are potentially modifiable, but
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those in CoA patients after successful repair are more difficult to modify. The
technique/manner in which the combination of Damus-Kay-Stansel/arch reconstruction is
performed at Stage One Norwood is clearly a major determinant on the eventual shape of the
aortic arch in HLHS patients. However, as seen in this study, the deterministic factors in the
shape features of an aortic arch late following CoA repair are essentially intrinsic or inherently
altered, i.e. a gothic or romanesque aortic arch is born that way. In the absence of obvious
hypoplasia or stenosis, one typically would not surgically intervene on a gothic-appearing
aortic arch, nor would one reconstruct an arch that we have identified to be associated with the
worse left ventricular parameters. In fact, in reviewing the CT or MR of a patient, prior to this
study, one would have likely described such an aortic arch to be a ‘successful’ CoA repair.

Despite uncovering these previously unknown relationships between aortic shape and clinical
parameters in patients following CoA repair, it is important to note that this study does not
reveal any mechanistic insight as to why specific distortion or deformation in some shape
features would be important, and thus cannot provide a causal relationship to our observations.
Whether these deranged aortic shapes lead to altered impedance and/or perturbed aortic
outflow is unknown. Further studies, perhaps with 4-D CMR (35) and advanced computational
fluid dynamics modeling, where realistic time-dependent and pulsatile flow/pressure
characteristics can be simulated and examined, may yield important insights into the flow

disturbances that can lead to worse cardiac function and clinical outcomes.
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Conclusions

In this study, we assessed aortic arch morphology post CoA repair using a novel statistical
shape modeling approach in order to extract three-dimensional arch shape features related to
functional parameters acquired during routine follow-up magnetic resonance assessment. We
found a previously unknown association of unique aortic arch shape with lower left ventricular
ejection fraction and elevated left ventricular end diastolic volume and mass. Moreover, our
study suggested a gothic aortic arch might be correlated with hypertension, but this was not
conclusive. Nonetheless, this study did confirm aortic arch shape in patients post CoA repair
could be related to cardiac function, and in so doing it also highlighted that a few isolated 2D
morphometric measurement could not fully capture the intricate and complex combination of
shape features in an aortic arch. Adaptation of the statistical shape analysis method using
extracted three-dimensional aortic arch geometry might provide a predictive tool to risk stratify
patients following successful CoA repair for late development of hypertension and left

ventricular functional derangements.
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Table 1
Overview of patient characteristics (BSA = body surface area; TAV = tricuspid aortic valve;
BAV = bicuspid aortic valve; fBAV = functionally bicuspid aortic valve; E-E = end-to-end
anastomosis; ExtE-E = extended end-to-end anastomosis; LVEF = left ventricular ejection
fraction; iLVEDV = indexed left ventricular end-diastolic volume; iLVM = indexed left

ventricular mass; BP = systolic resting blood pressure). Lower case i indicates parameters

indexed to patient BSA.
Variables MeanzStandard Deviation
(range)
Number of Patients 53

Age at time of CMR [Years]

22.3+5.6 (15.1-38.1)

Height [cm] 170.5%9.5 (147-188)
BSA [m?] 1.83+0.21 (1.44-2.22)
Aortic Valve Morphology (TAV/BAV/fBAV) (21/26/6)

Type of Initial Repair (E-E/ExtE-E/Flap/Patch/Balloon) (42/1/6/3/1)

LVEF [%]

64.1+7.3 (52-78)

iLVEDV [ml/m?]

78.5+14.6 (57-108)

iLVM [g/m?]

64.1+14.7 (37-94)

BP [mmHg]

130.0+17.1 (92-163)
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Table 2

Morphometric parameters measured on the computed 3D shapes and respective population
averages. (Asuf = arch surface area; V = volume; Lcr = centerline length; L1, = centerline
tortuosity; Day = average diameter along the centerline; Dasc/Dgesc = ascending to descending

diameter ratio; h/w = arch height to width ratio).

"4 Asurf Lt Day
3D Shape [mm?] [mm?] [mm] Lo [mm] Dase/Ddesc | h/w

Low LVEF Shape 97804 18408 253.65 | 1.85 | 20.90 1.1 1.33
High LVEF Shape 75583 14598 207.85 | 1.64 | 19.62 1.50 0.93
Low iLVEDV Shape 72193 13607 19048 | 1.52 | 19.71 1.73 0.73
High iLVEDV Shape | 106257 19824 268.62 | 1.95 | 20.78 1.08 1.43
Low iLVM Shape 69599 13042 183.12 | 1.66 | 19.25 1.96 0.70
High iLVM Shape 117210 21145 276.04 | 1.81 | 21.32 0.96 1.47

Low BP Shape 87759 16873 234.81 1.64 | 20.48 1.15 0.97
High BP Shape 85570 16177 228.24 | 1.87 | 20.05 1.41 1.29
Template 88108 16665 230.84 | 1.74 | 20.56 1.32 0.94

Population Average 93111 17166 233.96 | 1.80 | 19.40 - =
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Figure Legends

Figure 1: Reconstructed 3D surface models of 53 aortic arches post coarctation repair included
in this study (grey, left) and computed mean anatomic reference shape based on the input shape
population (template shape, blue, right).

Figure 2: Visualization of 3D aortic arch shape patterns associated with LVEF, deforming the
template shape from low (-2SD) to high (+2SD) values of the response parameter LVEF
(computed shape features visualized in blue), and definition of height to width ratio h/w (a).
Color maps show local 3D shape deviations as distance in millimeters between the computed
shapes and the template shape, overlaid in grey; blue colors relate to inwards deformations; red
colors to outwards deformations from the template (b). Standard bi-variate correlation analysis
was used to evaluate numerically how strongly the found patterns were related to LVEF (c).
Low (normal) LVEF thereby was associated with an overall large arch with high h/w ratio, a
slim ascending and mildly hypoplastic transverse arch, while high LVEF related to more
rounded and compact arches.

Figure 3: Elevated iLVEDV was associated with overall larger and tortuous arches with high
h/w ratio, a long, slim ascending and proximally hypoplastic transverse aortic arch. Extracted
shape patterns are visualized as deformations of the template in blue (a), local deviations from
the template shape are shown as color maps in (b).

Figure 4: Elevated iLVM was associated with an overall large and tortuous, high h/w ratio
arch shape, showing a very slim ascending and transverse arch with mild narrowing at the
isthmus region and a long and dilated descending aorta. Extracted shape patterns are visualized
as deformations of the template in blue (a), local deviations from the template shape are shown
as color maps in (b).

Figure 5: High systolic resting BP related to an overall gothic-type and tortuous arch shape
with mildly dilated ascending aorta and signs of residual narrowing at the isthmus section,
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compared to a crenel-like arch for lower BP values. Yet, results were not significant after
adjusting for multiple comparisons. Extracted shape patterns are visualized as deformations of

the template in blue (a), local deviations from the template shape are shown as color maps in

(b).

Video 1: Video showing the deformation of the computed template aorta (overlaid in grey)

along the derived PLS shape mode for iLVEDV from -2SD to +2SD; thus visualizing the 3D

aortic arch shape features most associated with low and high iLVEDV, respectively.
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