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Abstract: Atlas-based analyses of patients with cardiovascular diseases have recently been explored
to understand the mechanistic link between shape and pathophysiology. The construction of prob-
abilistic atlases is based on statistical shape modeling (SSM) to assess key anatomic features for a
given patient population. Such an approach is relevant to study the complex nature of the ascending
thoracic aortic aneurysm (ATAA) as characterized by different patterns of aortic shapes and valve
phenotypes. This study was carried out to develop an SSM of the dilated aorta with both bicuspid
aortic valve (BAV) and tricuspid aortic valve (TAV), and then assess the computational hemodynamic
of virtual models obtained by the deformation of the mean template for specific shape boundaries
(i.e., ±1.5 standard deviation, σ). Simulations demonstrated remarkable changes in the velocity
streamlines, blood pressure, and fluid shear stress with the principal shape modes such as the aortic
size (Mode 1), vessel tortuosity (Mode 2), and aortic valve morphologies (Mode 3). The atlas-based
disease assessment can represent a powerful tool to reveal important insights on ATAA-derived
hemodynamic, especially for aneurysms which are considered to have borderline anatomies, and
thus challenging decision-making. The utilization of SSMs for creating probabilistic patient cohorts
can facilitate the understanding of the heterogenous nature of the dilated ascending aorta.

Keywords: ascending aortic aneurysm; statistical shape analysis; computational fluid dynamic

1. Introduction

Ascending thoracic aortic aneurysm (ATAA) is a permanent dilatation of the aortic
wall, with risk stratification based on the maximum aortic diameter measured by diagnostic
imaging [1]. Elective repair of ATAAs is carried out for aortic diameter ≥ 50 mm, but
aggressive management in case of predisposing risk factors as the bicuspid aortic valve
(BAV) and hypertension is recommended [2]. If the aortic dilatation is not surgically treated,
the risk of aneurysm rupture or dissection can be as high as 50% in patients with aortic
diameter > 50 mm [3]. The estimated incidence of ATAAs is 5.0 per 100,000 individuals
per year [4], and individuals with BAV have greater risk of aortic dilatation at young age
than patients with the morphological normal tricuspid aortic valve (TAV) [2]. However, the
maximum aortic diameter criterion is widely recognized as a poor prognostic biomarker of
the likelihood of aneurysm complications as it fails to predict acute events in small-sized
ATAAs. There is, therefore, a general consensus on the need for the development of new
risk stratification strategies not only based on the aortic size, and this is a consequence of
the awareness of aneurysm heterogeneity presenting different patterns of aortic dilatation
(i.e., the aortic root phenotype, the tubular aorta, and the diffusive involvement of the
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aortic dilatation) and bicuspid phenotypes (i.e., the anterior–posterior cusp fusion or the
right–left cusp fusion) [5].

Population-based modeling has been adopted to meaningful effect in biomechanics by
capturing the impact of the patient-to-patient anatomical variations on both cardiac [6–8]
and vascular disease progression and development [9–11]. Statistical shape modeling (SSM)
has the potential to address the challenging quantification of the complex nature of the
aneurysm disease over time. The development of a computational atlas of image-based
shapes allows a quantitative and qualitative evaluation of the anatomic variability as a
descriptor of all geometrical shape information and its variations around a mean shape
or template. The aortic shape variation is decomposed into a few key components using
principal component analysis (PCA) to identify specific anatomic features for a given patient
population. Once the shape atlas is built, the mean template can be virtually deformed
from low −3 standard deviation (σ) to high 3 σ values of each shape mode to visualize
the anatomical shape boundaries. The understanding of the mechanistic link between the
shape and function can reveal important insight not only on the aneurysm disease, but also
for the development of novel risk metrics not based on the aortic size [12,13]. According to
Laplace’s law, the large ATAA wall experiences a greater level of intramural stress than
a nonaneurysmal aorta [14]. The intramural stress was demonstrated to provide better
predictive capability than the aortic size [15,16], even in the classic versus the bovine aortic
arch [17]. Computational flow analyses have also evinced different patterns of fluid shear
forces and eccentric flow in ATAAs with different morphological features [18,19] and valve
phenotypes [20]. In the setting of the aortic arch coartaction, SSM was used to assess the
link between shape features and biomechanical descriptors [9] as well as detect shape
cluster of patients at high risk of complications [21].

The overall goal of the present study is to carry out an atlas-based disease assessment
of the computational flow dynamic of the dilated ascending aorta. An SSM was created
to parametrize the aortic shape and its variability to consider different aneurysm patterns
and aortic valve phenotype (i.e., the BAV ATAA versus the TAV ATAA). For each patient
group, the mean shape was deformed upon the first three principal shape modes, and then
the relationship between shape and computational flow parameters was investigated to
quantify the hemodynamic in borderline aneurysm geometries.

2. Materials and Methods
2.1. Patient Study Population

The ATAA shape variability was investigated for a total of n = 106 patients with differ-
ent patterns of aortic dilatations and valve morphologies. Patients underwent computed
tomography angiography (CTA) for aortic size evaluation as part of their care. All imaging
and clinical data were subjected to internal review board approval while informed consent
was collected for each patient. Patients were discerned into a first group (n = 53) with
TAV ATAAs and a second group (n = 53) of BAV ATAAs with both the anterior–posterior
and right–left cusp valve fusion types. Exclusion criteria were the presence of left ventric-
ular dilatation, severe aortic stenosis and regurgitation, evidence of uncontrolled stage
II/III hypertension, or mitral and cardiac congenital diseases, as documented in previous
studies [22,23]. Patient demographics and clinical data were collected for each patient
(Table 1).
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Table 1. Clinical and demographic characteristics of patient study population. Mann–Whitney test
with α = 0.05.

Patient Characteristics BAV ATAA TAV ATAA p-Value

Age (years) 58 ± 1 65 ± 1 0.390
Male (%) 85.0 63.9 0.234
BSA (m2) 3.5 ± 6.2 2.4 ± 3.5 0.078
HR (bpm) 72.9 ± 10.8 72.8 ± 13.0 0.769

MAP (mmHg) 93.4 ± 9.5 91.9 ± 8.1 0.107
SV (mL) 77.7 ± 30.8 77.1 ± 26.9 0.455

CO (L/min) 5.5 ± 2.2 5.5 ± 2.5 0.952
Hypertension (%) 51.5 60.2 0.987

Note: BSA = body surface area; HR = heart rate; MAP = mean arterial pressure; SV = stroke volume; CO = cardiac output.

2.2. ATAA Reconstruction

CTA scans at systolic peak were segmented by means of semiautomatic thresholding
and manual mask editing techniques implemented in the medical imaging software (Mimics
v21, Materialise, Leuven, Belgium) [24–27]. Postprocessing of model masks was performed
imposing smoothing and wrapping algorithms to soften the 3D ATAA surface. Models
involved the valve morphology at fully opened shape, but the three supra-aortic branches
(i.e., the brachiocephalic trunk, left common carotid artery, and left subclavian artery) were
not included in the segmentation process. This was carried out to highlight the shape
variability of the ascending aortic segment and avoid any unrelated geometric variability
altering the subsequent operations of alignment and registration.

2.3. SSM Approach

The mean aortic shape of TAV ATAA and BAV ATAA groups and their variations
around the mean were computed by SSM using a custom script in MATLAB (R2020, Math-
Works Inc., Natick, MA, USA) [10]. In brief, ATAA models were resampled at sufficient
resolution to quantify all shape features. Then, an iterative closest-point algorithm was
adopted to pair and align each sampled point of the aneurysm surface with the reference
shape. The latter was identified as the closest shape to the mean aortic diameter of our
patient population (see Table 1). Alignment was accomplished by transformations mini-
mizing the overall distance among aortic surface pairs and was repeated until the template
shape significantly reduced its bias to the initial reference shape.

The aligned aneurysm models were used for the PCA methodology to reduce the
complex 3D shape variability into few components or “shape modes”, which numerically
represent a linear space of maximum variation directions with data projection through
orthogonal transformations [6]. The eigenvectors of the covariance matrix represented the
principal component modes, and the corresponding eigenvalues indicated the proportion
of the total variance explained by each shape mode [6]. The deformation of the mean patient
template from low (−3 σ) to high (+3 σ) standard deviations of each mode’s deformation
provided the geometrical influence of each shape mode [11]. The major contribution of data
variability was quantified by the first mode, and each succeeding modes held the highest
residual variance possible of specific anatomical features of aneurysm shape variability.

2.4. Computation Flow Analysis

Once the SSM for both TAV ATAA and BAV ATAA groups was developed, the first
three shape modes were deformed with respect to the mean shape in order to quantify
the aneurysm-related hemodynamic by computational flow analysis [28,29]. To avoid
excessive distortion and ensure computational stability, we deformed the mean shape upon
a shape boundary of ±1.5 σ for the first three modes. We decided to include the first three
modes to assess the impact of 80% shape variability on the resulting flow dynamic. After
deformation of the mean template, the resulting shape was used to generate several models,
each representing a few borderline aneurysm case scenarios. The model was meshed
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with unstructured tetrahedral elements and element size near the aortic wall of 0.4 mm,
approximately.

Unsteady transient simulations were carried out assuming the blood as a laminar
non-Newtonian flow with viscosity portrayed by the Carreau model and density of
1060 kg/m3 [30]. The blood flow was assumed to be laminar as this usually occurs in large
vessels due to the low mean flow velocity. For the BAV ATAA template model, we found
an average Reynolds number of 1434 at mid-height of the ascending aorta. Though the
Reynolds number is low, the composition of the fluid could lead to different flow regimes
such as the laminar–turbulent and the fully developed transitional regimes. In the areas of
changes in the fluid flow direction, the acceleration field could lead to the separation of the
dense part of the blood by modifying the velocity profile. The Navier–Stokes equations
governing fluid motion were solved with an implicit algorithm in FLUENT v21 (ANSYS
Inc., Canonsburg, PA, USA), using the SIMPLE pressure–velocity coupling algorithm and
second-order pressure interpolation method. Numerical solution was assumed to converge
with the residual of the continuity equation set at 10−7 at all-time steps. The optimal time
step was 0.0025 s as determined by time independency assessment. For the inflow, all
models were set with a representative parabolic flow profile with fundamental frequency of
1 Hz and peak velocity of 1.2 m/s, as described previously [31]. For the descending aorta,
the outflow boundary condition was imposed using a three-element Windkessel model
with population-average values of the vascular resistance and compliance. Both inlet and
outlet were extended three diameters normal to the aorta cross section to ensure a stable
flow in the ATAA model. Flow simulations were run for three consecutive cardiac cycles,
with result analysis carried out for the last cardiac cycle. Postprocessing was performed
using EnSight (v21, ANSYS Inc., Canonsburg, PA, USA) to compute the following flow
parameters: (a) flow streamlines at systole, (b) time-averaged blood pressure over one
cardiac cycle, and (c) peak systolic wall shear stress (WSS).

3. Results

The trend of shape probability as a function of σ appears to follow a Gaussian distribu-
tion, as shown by Figure 1A. Specifically, the shape probability represents the chance that
the specific deformed shape will occur for a given value of the shape boundary. This curve
evinces that, for shape deviations of 0.5 σ, 1 σ, 1.5 σ, 2 σ, 2.5 σ, and 3 σ, the deformed shape
probability is 30.85%, 15.87%, 6.68%, 2.28%, 0.62%, and 0.14%, respectively. Figure 1B shows
the scree plot with the cumulative variance described by each SSM for either TAV ATAA or
BAV ATAA. For the ATAA patient population here investigated, the PCA demonstrates
that 90% of the overall shape variability can be captured by the first seven modes for BAV
ATAAs and eight modes for TAV ATAAs.
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Figure 1. (A) Shape probability curve as a function of standard deviation; (B) scree plot of PCA-related
shape modes for BAV ATAA and TAV ATAA.
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Each shape mode was correlated to distinct morphological features of the aneurysm
and aortic valve type using visual assessment. Figure 2 highlights that Mode 1 accounts for
nearly 50% of the overall shape variability and is mainly associated with a proportional
aneurysm size change (scale factor) and slightly by aortic arch unfolding. Videos S1 and
S2 display an animation of Mode 1 for BAV ATAA and TAV ATAA, respectively. For high
values of the shape space, the template deformation shows a long and unfolded geometry
of the dilated aorta. In a different way, low values of σ lead to small and unfolded ascending
aortic geometries. The aortic valve shows clockwise rotations for TAV ATAAs while BAV
ATAAs have high values of the orifice area for low standard deviations and small values
for high standard deviations.
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Figure 2. Graphic representation of ATAA and its valve for Mode 1 at different values of σ for both
BAV ATAA and TAV ATAA.

Figures 3 and 4 evince the first eight shape modes for both BAV ATAA and TAV ATAA. For
both aortic valve morphologies, Mode 2 manifests changes in the aortic aneurysm curvature
from highly tortuous aortic shapes to straight aortic segments. Mode 3 indicates variations
in the aortic valve phenotypes and accounts for nearly 10% of aneurysm shape variability.
The remaining shape modes are associated with the aortic valve rotation and inclination with
respect to sagittal and coronal planes, as well as changes in the aortic valve geometry.
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Figure 5 illustrates flow parameters for the mean template as obtained by computa-
tional flow analyses. For BAV ATAAs, the peak systolic flow velocity has a helical flow
pattern characterized by high velocities in the aortic wall periphery and a slow moving
flow in the aneurysm centerline. In a different way, the mean template of TAV ATAAs has
an uniform flow field distribution at systole. Indeed, flow patterns highlight the effect of
different modalities of aortic wall flow impingements, resulting in local changes in the
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blood pressure and shear forces. Maxima of time-averaged blood pressure are found in
the major curvature of the aortic wall for the mean template of TAV ATAAs and near the
anterior side of the mean aortic wall template of BAV ATAAs. WSSs are highest in the
region between the sinotubular junction and mid-ascending aorta.
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Figures 6–8 show hemodynamic parameters of BAV ATAA and TAV ATAA atlases from
Mode 1 to 3. In all deformed models, the deformation of the mean template upon the shape
boundary of ±1.5 σ determines a remarkable difference in the hemodynamic parameters,
with key changes according to the aneurysm scale (Mode 1), vessel tortuosity (Mode 2),
and aortic valve phenotype (Mode 3). Among different shape modes, the magnitude of
WSS evinces the highest changes from low and high shape deviations.



Appl. Sci. 2022, 12, 394 9 of 16Appl. Sci. 2022, 12, x  9 of 16 
 

 
Figure 6. Pressure (top), flow velocity (center), and WSS (bottom) for BAV and TAV ATAA models 
for Mode 1 at ±1.5 σ. 

Figure 6. Pressure (top), flow velocity (center), and WSS (bottom) for BAV and TAV ATAA models
for Mode 1 at ±1.5 σ.



Appl. Sci. 2022, 12, 394 10 of 16Appl. Sci. 2022, 12, x  10 of 16 
 

 
Figure 7. Pressure (top), flow velocity (center), and WSS (bottom) for BAV and TAV ATAA models 
for Mode 2 at ±1.5 σ. 

Figure 7. Pressure (top), flow velocity (center), and WSS (bottom) for BAV and TAV ATAA models
for Mode 2 at ±1.5 σ.



Appl. Sci. 2022, 12, 394 11 of 16Appl. Sci. 2022, 12, x  11 of 16 
 

 
Figure 8. Pressure (top), flow velocity (center), and WSS (bottom) for BAV and TAV ATAA models 
for Mode 3 at ±1.5 σ. 

4. Discussion 
This study proposed an atlas-based disease assessment by means of computational 

flow analysis from statistical shape analysis of ATAAs. Using a large number of patients’ 
CT scans, we developed two SSMs according to the type of the aortic valve morphology 
to determine the mean shape and its geometrical variation likely caused by the complex 
nature of the aneurysm disease. Then, the ATAA-related atlases were virtually deformed 
into possible aneurysm configurations by applying shape deformation to quantify the he-
modynamic of critical ATAA geometries. Results highlighted that principal shape modes 
like the aneurysm size and tortuosity are linked to the flow parameters.. Among these, the 
systolic WSS exhibited the largest difference between low to high shape deviations. The 
atlas-based disease evaluation here proposed has demonstrated the ability to reveal the 
hemodynamic impairment induced by specific aneurysm features and aortic valve phe-
notypes (i.e., the BAV versus TAV phenotype). This approach can reveal important in-
sights on the aneurysm hemodynamic, especially for patients who are considered to have 
borderline aneurysm anatomies, and thus challenging clinical decision-making. 

BAV and hypertension are common predisposing factors to aneurysm development 
and progression [2]. The larger the blood pressure is, the higher the intramural stress ex-
erted on the aortic wall. In a different way, bicuspid morphologies can determine hemo-
dynamic disturbances on the diseased aortic wall with differences occurring for the ante-
rior–posterior valve fusion versus the right–left cusp fusion [32]. Several investigations 

Figure 8. Pressure (top), flow velocity (center), and WSS (bottom) for BAV and TAV ATAA models
for Mode 3 at ±1.5 σ.

4. Discussion

This study proposed an atlas-based disease assessment by means of computational
flow analysis from statistical shape analysis of ATAAs. Using a large number of patients’
CT scans, we developed two SSMs according to the type of the aortic valve morphology
to determine the mean shape and its geometrical variation likely caused by the complex
nature of the aneurysm disease. Then, the ATAA-related atlases were virtually deformed
into possible aneurysm configurations by applying shape deformation to quantify the
hemodynamic of critical ATAA geometries. Results highlighted that principal shape modes
like the aneurysm size and tortuosity are linked to the flow parameters.. Among these,
the systolic WSS exhibited the largest difference between low to high shape deviations.
The atlas-based disease evaluation here proposed has demonstrated the ability to reveal
the hemodynamic impairment induced by specific aneurysm features and aortic valve
phenotypes (i.e., the BAV versus TAV phenotype). This approach can reveal important
insights on the aneurysm hemodynamic, especially for patients who are considered to have
borderline aneurysm anatomies, and thus challenging clinical decision-making.

BAV and hypertension are common predisposing factors to aneurysm development
and progression [2]. The larger the blood pressure is, the higher the intramural stress
exerted on the aortic wall. In a different way, bicuspid morphologies can determine
hemodynamic disturbances on the diseased aortic wall with differences occurring for the
anterior–posterior valve fusion versus the right–left cusp fusion [32]. Several investigations
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including computational fluid dynamics [19,33], fluid–solid interaction analysis [34], and
4D flow MRI [32,35] have clearly demonstrated the value of the WSS parameter on the
weakening of the ATAA wall when combined with biomarker assessment [23,36]. Moreover,
clinical evidence has demonstrated varying degrees of aortic dilatation patterns, each with
distinct clinical course [37]. This heterogenous manifestation of the aneurysm disease and
progression has driven the research of many investigators that developed new classification
schemes based on the patterns of ATAA shape (i.e., the tubular dilated aorta versus the
aortic root phenotype) and local diameter measurements taken at several anatomic levels of
the ascending aorta [38,39]. However, none of the proposed classification schemes showed
good prognostic significance because failed to fully capture the 3D configuration of the
aneurysmal aorta. Using the atlas-based evaluation of aneurysm disease proposed here,
we can observe shape features at a level of detail hitherto impossible with conventional
diagnostic imaging. Once the SSM atlas is computed, the impact of morphological features
on the resulting hemodynamic parameters can be obtained, deforming the dilated aorta
and its valve for developing realistic models built upon real patient geometries. Such an
approach has the potential to generate large cohorts of ATAA models that can be used to
predict the biomechanical response of the aneurysmal aorta using deep learning techniques,
as recently reported by Liang and colleagues [40].

Shape modes in the current SSM were related to computational flow analyses ob-
tained by varying each shape mode upon ±1.5 σ of the mean template. While Modes
1 and 2 (accounting for nearly 70% of total shape variation) represented changes in the
ascending aortic geometry, the remaining modes were associated with alterations in the
aortic valve morphologies, including the orientation, rotation, and size of the aortic valve.
These findings corroborate the PCA-based analysis developed by Casciaro et al. [41] for
the healthy aorta. They reported that the main shape contributors are vessel size, aortic
arch unfolding, and symmetry. In this study, Mode 1 was found to be the main shape
contributor of both the aneurysm diameter and aortic size, thereby impacting the resulting
WSS and blood pressure distributions exerted on the weaken aortic wall. For BAV ATAAs,
the small aortic model (−1.5 σ) had a 2.5-fold increase in the blood pressure and a 21.4-fold
fold increase in the WSS magnitude with respect to those of the large ATAA model (+1.5 σ).
Indeed, the shear stress parameter was the variable that exhibited the largest differences
among shape boundaries for all investigated shape modes. Similar changes in the distribu-
tion of WSS and blood pressure magnitudes were found for TAV ATAAs, suggesting that
valve morphologies do not significantly impact aneurysm hemodynamic across different
aneurysm dimensions. These relationships between aneurysm size and flow parameters
can explain recent clinical findings demonstrating that the ascending aortic length is a
valuable prognostic indicator together with aneurysm size for the stratification of the aortic
dissection risk. In a large patient study group, Wu and collaborators [42] estimated an
odds ratio of 12.4-fold greater in ATAAs with aortic length ≥13 cm (as computed from the
aortic annulus to the origin of the innominate artery) compared with ATAAs with length
of <9 cm. They concluded that ascending aortic length and aneurysm size, taken together,
are more powerful predictors than the aortic diameter alone. It can be observed that these
two morphological parameters are indeed representative of Mode 1 shape variations here
modeled by the SSM.

For both BAV ATAA and TAV ATAA, Mode 2 reflected variations in the tortuosity
of the ascending aneurysmal aorta, being more curved with low deformations of the
mean template than high mean-template deformations. The less tortuous ATAA had both
blood pressure and WSS with more uniform distributions on the major curvature of the
aortic wall as compared to those locally focused on the tortuous ATAA wall. This is likely
due to differences in the flow jet impingement between shape boundaries as shown by
velocity streamlines. As a consequence, the aneurysmal aorta can manifest local bulging
of the ascending aorta, as commonly seen in the clinical practice of ATAA surgery. In a
different way, Mode 3 was representative of the aortic-valve cusp fusion imparting different
distributions on WSS forces and flow velocities. Computational flow studies [19,33] and
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4D flow MRI [32] have widely shown that a right–left fusion pattern can result in a flow jet
locally directed towards the right anterior aortic wall. This can result in a nested helical flow
with low velocity in the aneurysm axis and high velocity in the ATAA wall periphery (see
Figure 8). Our computational flow analysis performed for Mode 3 with +1.5 σ estimated
a flow jet towards the posterior aorta, with increased shear stress values at the right
posterior side of the aorta as compared to those resulting from the flow impingement on
the anterior aorta (i.e., shape space of −1.5 σ). These alterations in the spatial distribution
of flow parameters are a consequence of changes in the valve orientation, as depicted
by Mode 3, and likely determine differences in aneurysm progression and, ultimately,
patient outcome. Though the mechanistic link between WSS and vascular weakening has
been demonstrated in ATAAs [23,36], the correlation of ascending aortic dilatation rates
with BAV phenotypes has not been fully addressed. Propagation patterns of BAV-induced
hemodynamic disturbances are still not uniform in patients with BAV with the same valve
cusp fusions, and this could be in part due to patient selection criteria and the effect of
confounding clinical and demographic variables [43].

Though the proposed SSM method was developed to be used for population-based
computational flow analyses, there are several limitations. The PCA method used in this
investigation has limitations for accurately capturing shape variations with excessive ro-
tation and bending. This can be observed by the presence of wrapping and distortion
effects seen in the distal descending aorta when deformations are at high boundary of the
shape space (i.e., ±3 σ). Based on these observations, the PCA method provided acceptable
models with ±1.5 σ, as represented by a 6.68% chance to obtain the deformed aneurysm
configuration. For high shape deviations, the resulting model can likely influence the
computational flow stability because of mesh distortion and negative element volume
associated with distorted geometries. For SSM with 2D shapes [44], the PCA method was
demonstrated to generate unrealistic geometries when the Mode 1 was varied to three
standard deviations above the mean shape. As reported by Cosentino et al. [10], shape
vectors for each patient with ATAA can be obtained from PCA and then used to assess
the correlation between morphological features (i.e., aortic size and tortuosity) and biome-
chanical functional parameters (i.e., WSS). In this study, the SSM was adopted to generate
a virtual patient cohort and assess the hemodynamic in borderline ATAA shapes. The
current SSM method is also specific to develop computational flow modeling. In this study,
the supra-aortic vessels were removed to avoid bias in the alignment of ATAA models
and prevent the assessment of shape variations related to patient-to-patient differences in
supra-aortic vessel geometries (i.e., the classic versus the bovine aortic arch). This assump-
tion can likely change the resulting hemodynamic environment of the ascending aorta.
There are also potential improvements in the proposed methodology with regards to the
boundary conditions. For all shape modes, we used standards inflow and outflow profiles
by neglecting the difference in the patient physiology. In a previous investigation, statisti-
cally significant correlations were found between shape modes and functional parameters
collected from Doppler ultrasound [10]. Thus, established probabilistic methods can be
adopted to estimate boundary conditions from probability distributions and thus tailor
more realistic inflow and outflow profiles to each shape mode [44]. Moreover, the solution
of the fluid-governing equations is time-consuming, so simulations were carried out for
the first three shape modes (i.e., a total of 14 simulations). As a standard computational
fluid dynamic approach was used, the aortic valve was assumed as rigid and segmented at
fully opened shape from CT scan at systole. In future studies, for realistic flow simulation,
fluid–solid interaction will be used to simulate the motion of the aortic valve during the
cardiac beating. In a different way, the ATAA leads to stiffening of the aortic wall so that
the assumption of a rigid aortic wall is reasonable, as reported in numerical comparison
between computational fluid dynamic and fluid–solid interaction techniques [45,46]. It
is known in SSM that shape modes representing a relatively small percent of the total
variation could have a large effect on the resulting biomechanics, though high modes are
influenced by noise due to imaging and segmentation processes. Future studies can be
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undertaken to fully investigate the flow disturbances for high shape deformations and thus
capture the influence of key anatomic features.

5. Conclusions

Atlas-based disease quantifications by computational flow dynamics derived from
SSM can represent a valuable tool to reveal insights on the hemodynamic alterations in-
duced by shape and aortic valve variations of the aneurysmal ascending aorta. Remarkable
differences were found on the flow patterns, blood pressure, and fluid shear forces when
the mean ATAA template was deformed upon a shape boundary of ±1.5 σ. Among flow
parameters, the WSS parameter highlighted the highest changes among shape boundaries.
The approach presented here can facilitate the use of probabilistic computational tools to
study the heterogenous nature of ATAAs in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app12010394/s1, Video S1: Animation of Mode 1 for BAV ATAAs. Video S2: Animation of
Mode 1 for TAV ATAAs.
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