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Abstract

OBJECTIVES: This study aimed to explore aortic morphology and the associations between morphological features and cardiovascular
function in a population of patients with bicuspid aortic valve, while further assessing differences between patients with repaired coarcta-
tion, patients with unrepaired coarctation and patients without coarctation.

METHODS: This is a single-centre retrospective study that included patients with available cardiovascular magnetic resonance imaging
data and native bicuspid aortic valve diagnosis (n = 525). A statistical shape analysis was performed on patients with a 3-dimensional mag-
netic imaging resonance (MRI) dataset (n = 108), deriving 3-dimensional aortic reconstructions and computing a mean aortic shape
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(template) for the whole population as well as for the 3 subgroups of interest (no coarctation, repaired coarctation and unrepaired coarcta-
tion). Shape deformations (modes) were computed and correlated with demographic variables, 2-dimensional MRI measurements and
volumetric and functional data.

RESULTS: Overall, the results showed that patients with coarctation tended towards a more Gothic arch architecture, with decreased
ascending and increased descending aorta diameters, with the unrepaired-aortic coarctation subgroup exhibiting more ascending aorta
dilation. Careful assessment of patients with repaired coarctation only revealed that a more Gothic arch, increased descending aorta
dimensions and ascending aorta dilation were associated with reduced ejection fraction (P <_ 0.04), increased end-diastolic volume
(P <_ 0.04) and increased ventricular mass (P <_ 0.02), with arch morphology distinguishing patients with and without recoarctation (P = 0.05).

CONCLUSIONS: A statistical shape modelling framework was applied to a bicuspid aortic valve population revealing nuanced differences
in arch morphology and demonstrating that morphological features, not immediately described by conventional measurements, can indi-
cate those shape phenotypes associated with compromised function and thus possibly warranting closer follow-up.

Keywords: Congenital heart disease • Bicuspid aortic valve • Aortic coarctation • Aorta • Magnetic resonance imaging • Computational
modelling

INTRODUCTION

Bicuspid aortic valve (BAV) is the most common congenital heart
abnormality, with 1–2% prevalence, and 3:1 predominance in
males [1] and is often observed in association with other congenital
defects such as aortic coarctation (CoA) or interrupted aortic arch.
It is a clinically heterogeneous disorder, involving the aortic valve
and 1 or more segments of the proximal ascending aorta, leading
to valve stenosis/regurgitation and progressive aortic dilation [2].
Current knowledge of BAV disease is incomplete, especially with
regard to the impact on segmental aortic morphology [3].

The clinical assessment of the aorta mostly relies on echocardi-
ography or other cross-sectional imaging techniques, monitoring
aortic diameters but failing to capture the full 3-dimensional (3D)
variability in aortic shape, angles and size from patient to patient.
The presence of dilation and/or CoA, the latter likely repaired
with different strategies, can lead to further morphological vari-
ability, suggesting the need for 3D measurements to go beyond
the simple dimensional assessment [4, 5]. The abundance of 3D
information provided by medical imaging can be fully exploited
using a novel statistical shape modelling (SSM) methodology to
quantitatively evaluate the morphology of an entire vascular re-
gion of interest as a contiguous unit [4, 6, 7]. Refined understand-
ing and better characterization of the anatomy as a 3D domain
can provide insight into flow dynamics, complications associated
with vascular geometry and disease progression [8].

This study aimed to explore nuances in 3D aortic morphology
in a BAV population. We hypothesized that BAV patients with
and without CoA exhibit overall different arch architecture. The
study also aimed to explore the morphological features of
repaired CoA in relation to shape and function, revealing possible
functional differences underlying different approaches to CoA re-
pair, considering that the clinical significance of CoA in BAV aort-
opathy is not fully understood [9]. We hypothesized that BAV
patients with CoA present a more Gothic arch architecture and
worse function.

MATERIALS AND METHODS

Patient population

This was a retrospective single-centre study. Consecutive BAV
patients (n = 525) were identified in the cardiovascular magnetic
resonance (CMR) imaging database between 2011 and 2016; 154

patients had CMR data suitable for 3D reconstructions, i.e. MR
angiogram. Exclusion criteria included aortic valve replacement
(AVR), aortic root reconstruction, unconfirmed bicuspid morph-
ology and comorbities including complex congenital heart
defects involving some form of aortic reconstruction (e.g.
Norwood procedure). A final population (n = 108) was thus
obtained (Fig. 1), including 5 patients with 2 scans. CMR data
were acquired at 1.5 T (Avanto, Siemens Healthineers, Erlangen,
Germany). Demographic variables were collected from clinical
patient records. Anatomical and functional variables were col-
lected from CMR reports. These include left ventricular (LV) vol-
umes and ejection fraction, aortic valve morphology classified
according to the coronary fusion pattern, presence of aortic valve
dysfunction, including aortic regurgitation and aortic stenosis,
and presence or absence of CoA and reCoA. Aortic regurgitation
was classified according to the regurgitant fraction as mild
(<_30%), moderate (31–49%) or severe (>_50%) [10]. Aortic stenosis
was classified according to the valve area measured by planim-
etry as mild (>1.5 cm2), moderate (1.0–1.5 cm2) and severe (<1.0
cm2) [10]. In the absence of stenosis and regurgitation, valves
were classified as normofunctioning. Aortic coarctation was diag-
nosed in the presence of anatomical significant narrowing of the
descending aorta in the region of the isthmus. In patients with
known history of CoA repair, reCoA was defined as a recurrence
of narrowing in the coarctation site. The severity of anatomical
narrowing was classified according to the ratio of the CoA diam-
eter to the descending thoracic aorta and defined as severe if
<_0.5 and absent if >_0.85 [11]. Ultimately, the population was div-
ided into 3 subgroups: patients with isolated BAV and no coarc-
tation (n = 37), patients with BAV and repaired aortic coarctation
(n = 58) and patients with BAV and primary unrepaired coarcta-
tion (n = 13).

All datasets were anonymized and, in view of the retrospective
study design, formal ethical approval was waived by the local
Institutional Research and Innovation Department.

Creation of 3-dimensional models and aortic
measurements

CMR images provided the input data for the SSM, generating 3D
aortic volumes for all 108 cases (Fig. 2A) using commercial soft-
ware (Mimics Research v.19.0, Materialise NV, Leuven, Belgium).
The 3D aortic models were consistently cut perpendicularly at
the subannular level and at the level of diaphragm (Vascular
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Modelling Toolkit, Orobix, Bergamo, Italy) (Fig. 2B). The brachio-
cephalic, left common carotid, left subclavian and coronary
arteries were excluded because the study focused on examining
the aorta alone. An aortic centreline was calculated (resolving
resolution and distance between control points set at 3.125 mm,
smooth factor 0.5). Aortic diameters around the centreline were
measured at the aortic sinuses, the ascending aorta, the isthmus
and the descending aorta (Fig. 3). In addition to aortic diameters,
other anatomical measurements performed on the 3D aortic
arch models included aortic curvature [8, 12–14], aortic arch
width (W) and height (H) and arch tortuosity. The latter was cal-
culated as [1 - (W/l)] where l is the incremental length of the cen-
treline between the points defining aortic width [4, 13].

Details of image analysis and statistical shape
modelling

LV and aortic valve anatomical, functional and volumetric assess-
ments, as well as thoracic aortic measurements were performed
using an image post-processing package (Circle Cardiovascular
Imaging, Calgary, Canada).

The mean aortic shape in the population and variations
around this mean were computed using SSM [4]. The models
were uniformly remeshed and smoothed (3matic Research
v.11.0, Materialise), exported as computational surface meshes
and automatically aligned (i.e. rigidly registered) to reduce pos-
sible bias due to differences in translation and rotation during
SSM (Fig. 2C). The aligned 3D arch surface models represent the
SSM input. An SSM framework was used to process and visualize
the 3D shape information, avoiding the need for landmarking or
point-to-point correspondence [4, 15]. Deformetrica software
(www.deformetrica.org) was used to compute the average aortic
shape, or ‘template’, from all the registered 3D aortic shape mod-
els of each individual patient. The same software was used to
compute the deformation vectors from the template towards
each patient’s specific shape, quantifying the variation of each
patient from the mean aortic shape of the population [16]. The
combined set of patient-specific deformation vectors describes
all 3D shape variability in the population. Principal component
analysis was applied to the computed deformation vectors,
reducing the complex 3D shape variation to few components or
‘shape modes’. Shape modes represent specific aspects of the
anatomical variation of the aorta and help to understand the
morphological characteristics that cannot be described by aortic
diameters alone. Video 1 shows an example of a shape mode
from our population that describes aortic arch angulation. The
contribution of each mode is visualized deforming the template
from low [-2.7 standard deviation (SD)] to high (+2.7 SD) values
of each mode’s deformation vector (Video 1). Shape modes can
not only be visually displayed but also numerically quantified by
shape vectors that numerically represent the contribution that
each shape mode has on each subject and were used for statistic-
al analyses [5] thus supporting the identification of specific shape
features (e.g. aortic dilation, Gothic arch architecture and
increased tortuosity).

Statistical analysis

Statistical analysis (R, Vienna, Austria) included demographic
factors, CMR-derived volumetric parameters, traditional mor-
phometric measurements and computed shape modes, across
repaired, unrepaired and no-CoA subgroups. Depending on
the distribution of the continuous variables, the t-test or the
Mann–Whitney test was used. Differences across the 3 sub-
groups were tested with either one-way analysis of variance
or Kruskal–Wallis tests. Differences between categorical varia-
bles were assessed using the v2 test. We explored associations
between shape modes and demographic, volumetric or
traditional morphometric parameters using univariate and
multivariate regression analysis. A P-value <0.05 indicated
statistical significance. Analyses were repeated for repaired-
CoA patients to identify changes within this subgroup of
interest.

Figure 1: Patient selection. Inclusion/exclusion criteria: presence of 3D se-
quence (n = 154), valve morphology (n = 17), complex congenital heart diseases
(n = 2), aortic valve replacement (n = 7), ascending aortic replacement (n = 4),
Ross procedure (n = 9) and arch reconstruction (n = 2). 3D: 3-dimensional;
AVR: aortic valve replacement; BAV: bicuspid aortic valve; CMR: cardiovascular
magnetic resonance.
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Figure 2: An overview of the preprocessing steps prior to a shape analysis. The ascending aorta, the transverse aortic arch and the descending aorta cut at the suban-
nular level and at the level of the diaphragm were manually segmented from 3-dimensional imaging data (A). The segmented models were cut, meshed and
smoothed (B). All the shape models were rigidly registered (C).
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RESULTS

Demographic, clinical, valve anatomical and functional data and
thoracic aortic measurements are reported in Table 1, together
with differences in aortic measurements. Valve function signifi-
cantly differs among the 3 subgroups with 24% of normofunc-
tioning valves in patients with no-CoA, 52% in the repaired-CoA
subgroup and 23% for the unrepaired-CoA subgroup (P = 0.01).
No significant difference was observed in LV volumes and left
ventricular ejection fraction (LVEF) across the 3 subgroups, whilst
LV mass was significantly increased in the unrepaired-CoA sub-
group. The repaired-CoA subgroup was heterogeneous and pre-
vious repair included end-to-end anastomosis (n = 31), subclavian
flap (n = 11), stenting (n = 4), patch (n = 3) and graft (n = 4), and a
proportion of patients (n = 11) also received ballooning of the
CoA. Age of CoA repair was 7 ± 8 years (range 0–33). A large pro-
portion of patients with CoA (51/71) had known history of
hypertension.

Aortic templates were calculated for the whole population and
for the 3 subgroups (Fig. 4). The qualitative assessment of the
templates revealed increased height and decreased width for
both the repaired- and unrepaired-CoA groups compared to the
no-CoA group. The unrepaired-CoA template had greater curva-
ture, suggesting a prominent Gothic aortic arch (Fig. 4). Patients
with isolated BAV and no coarctation had significantly larger
ascending aortic dimensions compared to the other subgroups
(39.9 ± 9.1 vs 31.5 ± 6.7 mm for the repaired-CoA group and
34.2 ± 10.9 mm for the unrepaired-CoA group), as well as signifi-
cantly decreased curvature and increased width, suggesting a less
Gothic aorta. Aortic tortuosity was associated with the presence
of CoA (P = 0.02) and differed significantly between subgroups
(P = 0.008). The repaired and unrepaired-CoA subgroups had
higher tortuosity, unrepaired-CoA patients being even more
tortuous.

The first 9 principal component analysis shape modes (Fig. 5)
recapitulated 72% of the overall shape variability in the popula-
tion (Supplementary Material, Table SA), and hence the corre-
sponding shape vectors were used for statistical analyses.
Different modes captured different morphological features, after
careful visual assessment and correlation with traditional mor-
phometric measurements (Supplementary Material, Table SB).
Dominant shape features of interest included overall aortic size
(mode 1), ascending aorta dimensions (modes 2, 3, 5, 6, 7 and 9),
descending aorta dimensions (modes 2, 3, 5, 6 and 7), angula-
tion/Gothic arch (modes 2, 3, 4, 5, 6 and 8), coarctation (modes
3, 6 and 7) and tortuosity (modes 2, 3, 5, 6 and 8). Overall, signifi-
cant differences were found for modes 1 (P = 0.007), 2 (P = 0.02),
3 (P < 0.001), 4 (P = 0.002), 6 (P = 0.03) and 8 (P = 0.02), suggesting
gross as well as detailed changes across the 3 shape phenotypes
of interest. Aortic size was overall significantly smaller in patients
with CoA; older age (P < 0.001), higher body surface area
(P < 0.001) and male gender (P < 0.001) were significantly associ-
ated with increased aortic size (mode 1) in univariate analysis,
and all remained significant when tested in a multivariate model.

The no-CoA subgroup approached a rounder arch architecture
(modes 2, 3, 4 and 8) with decreased height (modes 2, 4, 6 and
8) and increased width (modes 2, 6 and 8), decreased tortuosity
(modes 2, 3, 6 and 8) and more substantial ascending aortic dila-
tion (modes 2, 3 and 6). The aortic arch morphology in the
repaired-CoA subgroup tended towards a more Gothic aortic
arch architecture (modes 2, 4 and 8) with increased height
(modes 2, 4, 6 and 8) and increased tortuosity (modes 2, 3, 6 and
8), less dilated ascending aorta (modes 2, 3 and 6) but increased
diameters of the mid-descending aorta (modes 2, 3, 6 and 8) and
at the level of the diaphragm (modes 3, 4 and 6). The
unrepaired-CoA subgroup presented similar features to the
repaired CoA subgroup, i.e. more Gothic aortic arch architecture
(modes 2, 6 and 8) and increased tortuosity (modes 2 and 8),
with slightly more dilated ascending aorta (modes 3 and 6).

Focusing on the repaired-CoA subgroup, 28 patients presented
some degree of recoarctation (graded as mild in 16 and moder-
ate in 12 patients). Shape modes and vectors specific for the

Figure 3: Measurements were taken manually on each 3-dimensional shape
model, including the centreline curvature, the aortic arch width and height,
the diameter of the aorta at the sinuses, 2 cm above the sinotubular junc-
tion, at the isthmus, the mid-descending aorta and the diaphragm. The
curvature of the centreline was measured, indexing over the patient’s
height [8]. The aortic arch width was measured as the perpendicular dis-
tance from the centreline at the sinotubular junction level to the centreline
at the mid-descending aorta. The height of the arch was measured as the
maximum vertical distance from the width measurement to the highest
point of the centreline in the arch, calculating an H/W ratio as a surrogate
for Gothic arch architecture. AAo: ascending aorta; D: diameter; desc.:
descending aorta; H/W: height/width.

Video 1: Aortic deformations around the aortic template in a population of
BAV patients.
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repaired-CoA subgroup were also successfully computed.
Dominant shape features in this subgroup describe aortic size
(mode 1), ascending aorta dimensions (modes 5, 6, 7 and 9),
descending aorta dimensions (mode 3–7), aortic architecture/

Gothic arch (modes 2–9), coarctation (modes 5 and 6) and tortu-
osity (modes 2 and 5). Correlations between modes and anatom-
ical, volumetric and functional data are reported in detail in
Supplementary Material, Tables SB and SC. Associations between

Table 1: Demographic, clinical and functional variables and traditional morphometric measurements

No-CoA Repaired-CoA Unrepaired-CoA P-value

Variables
Patients (n) 37 58 13
Gender (n males) 26 33 10 P = 0.2
Age (years) 47.2 ± 18.6 33.9 ± 12.2 30.1 ± 16.6 P < 0.001
BSA (m2) 1.85 ± 0.2 1.9 ± 0.2 1.8 ± 0.2 P = 0.05
LVEF (%) 64.6 ± 6.8 62.6 ± 7.4 66.9 ± 8.8 P = 0.4
LVEDV (ml) 87.6 ± 20.9 84.5 ± 18.5 93.6 ± 36.9 P = 0.9
LV mass (g) 76.9 ± 24.3 64.2 ± 15.6 78.9 ± 31.7 P = 0.04
Aortic stenosis (n, %) 14, 38 13, 22 3, 23 P = 0.2
Severity of aortic stenosis (n, %)

Mild 6, 43 8, 62 1, 33
Moderate 2, 14 2, 15 1, 33
Severe 6, 43 3, 23 1, 33

Aortic regurgitation (n, %) 23, 62 27, 47 9, 69 P = 0.2
Severity of aortic regurgitation (n, %)

Mild 14, 61 23, 85 7, 78
Moderate 4, 17 3, 11
Severe 5, 22 1, 4 2, 22

Normal AV function (n, %) 9, 24 30, 52 3, 23 P = 0.01
Fusion pattern (n, %) P = 0.5

Right–left 29, 78 50, 86 10, 77
Right/left-non-coronary 8, 22 8, 14 3, 23

Measurements
Aortic sinuses (mm) 39.6 ± 7.6 32.9 ± 6.4 33.9 ± 9.6 P = 0.9
AAoproximal (mm) 39.9 ± 9.1 31.6 ± 6.7 34.2 ± 11 P < 0.001
Desc. mid. (mm) 22.9 ± 0.2 22.4 ± 5.7 22.3 ± 9.3 P = 0.3
Desc. diaphragm (mm) 21.7 ± 4.5 20.5 ± 4.5 19.9 ± 7.9 P = 0.1
H (mm) 65.4 ± 19 61.8 ± 14.6 71.5 ± 23 P = 0.2
W (mm) 77.3 ± 16.2 66.8 ± 12 65.7 ± 18.4 P = 0.001
H/W 0.9 ± 0.2 0.9 ± 0.2 1.1 ± 0.2 P = 0.005
C (mm-1) 0.05 ± 0.01 0.07 ± 0.02 0.07 ± 0.02 P < 0.001
C/Hpt (mm/m2) 16.9 ± 6.5� 10-3 22.7 ± 7.6� 10-3 23.6 ± 7.4� 10-3 P < 0.001
Isthmus (mm) 17.4 ± 3.9 13.8 ± 6 P = 0.06
CoA index 0.9 ± 0.2 0.7 ± 0.2 P = 0.05
T (mm) 0.6 ± 0.1 0.6 ± 0.08 0.7 ± 0.08 P = 0.008

Values are represented as mean ± standard deviation.
AAo: ascending aorta; AV: aortic valve; BSA: body surface area; C: curvature; CoA: coarctation of the aorta; Desc.: descending aorta; H/W: height-to-width ratio; H:
aortic height; Hpt: patient’s height; LV: left ventricular; LVEDV: left ventricular end-diastolic volume; LVEF: left ventricular ejection fraction; T: tortuosity; W: width.

Figure 4: Aortic templates: whole population, no-CoA, repaired-CoA and unrepaired-CoA. CoA: coarctation of the aorta.
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mode 4 and LV mass, modes 2 and 6 and LVEF, and modes 4
and 6 and left ventricular end-diastolic volume (LVEDV) sug-
gested an ‘unfavourable aortic configuration’, whereby patients
approaching a more Gothic and tortuous arch architecture with
smaller ascending and larger descending aorta diameters tended
to have lower LVEF (some <50%), higher LVEDV and higher LV
mass (Fig. 6).

The presence of reCoA of any degree was associated with
modes 6, 7 and 8, and it was also associated with a more Gothic
arch architecture, but not with tortuosity or other morphomet-
ric/demographic variables. As expected, it correlated significantly
with a smaller CoA index (P = 0.002).

DISCUSSION

This study applied an SSM framework to elucidate 3D aortic
morphology in the presence of BAV with and without aortic co-
arctation. The association between BAV and coarctation is well
known, with BAV occurring in up to three-fourth of patients with
coarctation; however, it is not clear how these disorders contrib-
ute to the morphology and pathology of the entire aorta [2, 9].
Therefore, a more detailed assessment of the aorta in these
patients is needed to better capture the morphological features
of interest [17] and potentially shed light on disease progression.
SSM results showed that the presence of CoA affects the whole

Figure 5: Three-dimensional shape features in the whole population, showing dominant shape modes as deformations of the computed template from low (-2.7 SD)
to high (+2.7 SD) values. Blue shapes indicate template and red shapes indicate mode extremities. SD: standard deviation.
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architecture of the aorta and that the CoA is not a localized dis-
ease of the proximal descending aorta but affects the aorta in its
entirety.

A 3D SSM allows one to extract unique shape modes that visu-
ally and numerically represent complex shape features that are
otherwise difficult to capture with traditional morphometric
measurements. As the shape modes are deformations of the aver-
age shape in a population, it is reasonable that complex dominant
shape features, such as aortic dilation (i.e. aortic root and prox-
imal ascending aorta dilation) and arch architecture (i.e. Gothic
versus round), are recapitulated by more than 1 mode. This reaf-
firms the need for a more detailed 3D analysis. Moreover, whilst
the first modes (e.g. modes 1 and 2) represent overall changes in
shape and recapitulate a bigger percentage of shape variability,
other modes may contribute towards more local changes that
should also be considered. This consideration guided the selection
of the first 9 modes for analysis. Qualitative and quantitative find-
ings suggested that patients with CoA tend to have Gothic archi-
tecture, which is verified by the increased height-to-width ratio
and increased curvature, in agreement with the literature [4, 5, 9,
13]. Furthermore, arch tortuosity was higher in patients with
repaired-CoA compared to patient without CoA, suggesting that
arch morphology is different even in the presence of repair.

The presence of BAV in patients with coarctation increases the
risk of aneurysm formation, with a tendency to develop aneur-
ysm in 1:2 cases compared to 1:4 in coarctation patients without
BAV [18]. According to a retrospective analysis [19] that analyses
a cohort of repaired and unrepaired-CoA patients with (n = 142)
and without (n = 74) BAV, ascending aortic dilation was mainly
present in BAV patients and aortic valve dysfunction was sparse.
In our study, we treated the repaired and unrepaired-CoA sub-
groups separately to identify possible changes in aortic

morphology. Our repaired-CoA subgroup tended towards
increased descending rather than ascending aorta diameters,
confirming previous observations [4]. Additionally, both the
unrepaired-CoA and no-CoA subgroups had higher LV mass and
valve dysfunction compared to the repaired-CoA subgroup. An
association (either compensatory or maladaptive) exists between
high LV mass and aortic dysfunction [20, 21]. However, it is worth
mentioning that an unfavourable functional implication of Gothic
arch architecture has not always been consistently observed [22].

Mostly diagnosed and corrected during childhood, CoA is
repaired but not necessarily cured [23]. Long-term complications
after CoA repair include restenosis, pseudoaneurysm formation
and descending aorta dilation and can lead to reintervention in
up to 11% of cases [24, 25]. Prior CoA repair is likely to protect
against ascending aortic dilation progression [26], but surveillance
of the aorta in patients with BAV and CoA is warranted even in
the presence of a good repair [18]. Within our population of
patients with repaired coarctation, 45% presented any degree of
reCoA at the time of the CMR scan. A closer look at the repaired
CoA indeed showed stronger association with descending rather
than ascending aorta dilation. In addition, our findings indicated
that there is a specific aortic arch morphology in patients with
repaired-CoA, a Gothic arch with increased descending aorta
diameters that is associated with worse LV function, as also
reported in the literature [5]. Furthermore, reCoA patients
showed a tendency towards increased aortic dimensions.

Despite on-going efforts to assess the best type of surgical pro-
cedure regarding the formation of reCoA and late complications
[27, 28], a link between aortic morphology and repair type has
not been identified yet. In this population, increased tortuosity
was associated with the presence and severity of CoA, and
increased aortic tortuosity has been associated with aortic

Figure 6: Correlations between mode 6 and LVEF (left), mode 6 and LVEDV (centre) and mode 4 and LV mass (right), showing front and top views of mode extremities.
Patients with lower LVEF, higher LVEDV and higher LV mass tend towards mode extremities showing a more Gothic arch and increased tortuosity, decreased ascend-
ing and increased descending aortic diameter. LV: left ventricular; LVEDV: left ventricular end-diastolic volume; LVEF: left ventricular ejection fraction; SD: standard
deviation.
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dilation, valve disease and unfavourable haemodynamics in the
literature [29, 30]. So, in a theoretical search for optimal aortic
configuration after CoA repair, it would appear that a less Gothic,
less tortuous aorta with decreased descending aorta and/or
ascending aorta diameters might be more favourable in terms of
ventricular functional parameters.

A final observation was made on 5 patients who had 2 shapes
reconstructed from CMR (i.e. 2 follow-up scans). Four of them
(Fig. 7A, B, C and E) had undergone surgical CoA repair and
showed dilation in the aortic root and/or ascending aorta,
which was more pronounced in 3 cases with signs of reCoA
(Fig. 7A, B and E). The patient without coarctation repair has un-
varied ascending aortic dimensions as indicated both from
qualitative assessment (Fig. 7D) and in the CMR reports. This
preliminary observation on few isolated cases in our population
can provide the basis for the application of this method to a
growth/remodelling analysis, studying in detail how dimensions
change over time, which will necessitate longitudinal data on a
larger cohort. It should also be noted that patients with 2 scans
were treated as 2 separate time points in the overall analysis, in
consideration of possible changes in morphology (e.g. ascend-
ing aortic dilation), to be developed further in future studies
using longitudinal data.

The study has the disadvantages of a retrospective design, with
an uneven number of patients in the subgroups. A 3D sequence
was a necessary requirement for the analysis but is not part of
the routine imaging protocol for BAV at our centre; this might
partly explain the high proportion of patients with CoA. Blood
pressure data (cuff pressure at the time of CMR) were not avail-
able, and observations on hypertension are lacking but should be
included in future prospective analyses. Furthermore, the
repaired-CoA subgroup was heterogeneous, and further sub-
group analysis between repair types could not be performed
considering the small sample size in some of the subgroups. In
order not to inflate Type II error of not detecting actual effects,

computed correlation significances were not adjusted for mul-
tiple comparisons and all results are considered as exploratory.

CONCLUSION

In conclusion, this study highlights nuances in aortic architecture
between patients with/without coarctation, stressing the import-
ance of considering the whole aorta in its 3-dimensionality.
Aortic coarctation is likely not a localized disease but rather a dis-
ease of the whole aorta, which results in an overall change in the
aortic arch morphology, and operated coarctation continues to
be a disease of the aorta with repercussions on ventricular func-
tion. Whilst arch configuration after CoA repair is not necessarily
under the control of the surgical team, the idea of an ‘optimal
surgical shape’ should be further assessed in future studies,
exploring aortic remodelling over time in BAV patients, adding a
longitudinal perspective to the current cross-sectional design to
further elucidate the morphological determinants of functional
outcomes and possibly better informing patient follow-up.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.
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