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In the context of aortic hemodynamics, uncertainties affecting blood flow simulations hamper their translational
potential as supportive technology in clinics. Computational fluid dynamics (CFD) simulations under rigid-walls
assumption are largely adopted, even though the aorta contributes markedly to the systemic compliance and is
characterized by a complex motion. To account for personalized wall displacements in aortic hemodynamics
simulations, the moving-boundary method (MBM) has been recently proposed as a computationally convenient
strategy, although its implementation requires dynamic imaging acquisitions not always available in clinics.

In this study we aim to clarify the real need for introducing aortic wall displacements in CFD simulations to
accurately capture the large-scale flow structures in the healthy human ascending aorta (AAo). To do that, the
impact of wall displacements is analyzed using subject-specific models where two CFD simulations are performed
imposing (1) rigid walls, and (2) personalized wall displacements adopting a MBM, integrating dynamic CT
imaging and a mesh morphing technique based on radial basis functions. The impact of wall displacements on
AAo hemodynamics is analyzed in terms of large-scale flow patterns of physiological significance, namely axial
blood flow coherence (quantified applying the Complex Networks theory), secondary flows, helical flow and wall
shear stress (WSS).

From the comparison with rigid-wall simulations, it emerges that wall displacements have a minor impact on
the AAo large-scale axial flow, but they can affect secondary flows and WSS directional changes. Overall, helical
flow topology is moderately affected by aortic wall displacements, whereas helicity intensity remains almost
unchanged. We conclude that CFD simulations with rigid-wall assumption can be a valid approach to study large-
scale aortic flows of physiological significance.

1. Introduction

The aorta is characterized by a remarkable hemodynamic richness in
its thoracic segment, mainly dictated by proximity to the beating heart,
aortic wall motion, and complex anatomy (Jin et al., 2003; Sengupta
et al., 2008; Yearwood and Chandran, 1982). Such hemodynamic rich-
ness has contributed to make the aorta a site of election for fluid me-
chanics studies aimed at highlighting the links of blood transport with
cardiovascular pathophysiology (Garcia et al., 2018; Guala et al., 2022;
Markl et al., 2004; Morbiducci et al., 2011; Stokes et al., 2021; Vignali
etal., 2021). At the same time, aortic hemodynamics is characterized by

a large spatiotemporal heterogeneity that has contributed to hamper a
robust, univocal definition of the large-scale coherent fluid structures
characterizing normal aortic blood flow, and able to discriminate
physiology from pathology (Calo et al., 2023).

In the last decades, the coupling of medical imaging and computa-
tional fluid dynamics (CFD) has gained momentum as an effective tool
for studying the aortic hemodynamics with high spatiotemporal reso-
lution in personalized in silico models (Antonuccio et al., 2021; Cilla
et al., 2020; De Nisco et al., 2020; Gallo et al., 2012; Morbiducci et al.,
2013; Romarowski et al., 2018). However, CFD models require as-
sumptions which introduce important sources of uncertainty and might
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Computational Hemodynamics Framework
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Fig. 1. Schematic diagram of the methodology applied to investigate the impact that aortic wall displacements have on large-scale flow coherence in the AAo.
Medical imaging is used to reconstruct the aortic geometry along the cardiac cycle and to extract subject-specific boundary conditions applied to perform CFD
simulations (upper panel). The impact of AAo wall displacements is investigated in terms of velocity- and helicity-based hemodynamic quantities, through a cor-

relation analysis and a “one-to-all” network approach (lower panel).

entail the generality of CFD-based results as well as their translation to
clinics. In personalized CFD aortic models, a main source of uncertainty
is represented by assumptions on wall displacements. In this regard, a
largely adopted model idealization is the rigid-wall assumption, even if
some studies suggest that incorporating MRI-measured subject-specific
wall displacements into CFD simulations provides better agreement in
terms of velocity fields with in vivo observations (Jin et al., 2003; Lantz
et al., 2014). Two approaches alternative to rigid-wall CFD simulations
can be implemented to account for aortic wall displacements. The first
one is based on the classical fluid-structure interaction (FSI) modelling
strategy (Caballero and Lain, 2015; Mirramezani and Shadden, 2022).
However, FSI requires additional assumptions on wall material proper-
ties, which cannot be easily determined in vivo and therefore represent
further sources of uncertainty. Moreover, FSI is characterized by an
increased complexity and computational efforts hindering its clinical
translation. To overcome FSI inherent limitations, an alternative
approach based on the moving-boundary method (MBM) has emerged.
MBM relies on the integration of clinical image-based measurements of
wall displacements along the cardiac cycle and CFD simulations in the
same computational framework (Capellini et al., 2020; Lantz et al.,
2019; Torii et al., 2010), allowing to incorporate subject-specific wall
displacements in simulations at lower computational costs and without
posing any hypothesis on vessels wall material properties. Among the
MBM strategies applied to in silico aortic models (Bonfanti et al., 2018;
Jin et al., 2003; Lantz et al., 2014; Stokes et al., 2021), a framework

integrating dynamic CT images, transient CFD simulations and a mesh
morphing technique based on Radial Basis Functions (RBF) was recently
introduced (Capellini et al., 2020). The RBF-based mesh morphing
strategy has the advantage of keeping mesh connectivity avoiding re-
meshing at each time-step of the simulation, which would result in a
considerable increase in computational time. Moreover, the RBF-based
morphing strategy has proven its capability in reproducing large de-
formations like those characterizing ascending thoracic aortic aneurysm
progression, while preserving mesh quality (Biancolini et al., 2020;
Capellini et al., 2018).

The overarching hypothesis of this study is that wall displacements
might impact the coherence of large-scale blood flow structures in the
ascending aorta (AAo) in such a way that might not be accounted for
assuming rigid walls in aortic CFD simulations. Interpreting the large-
scale AAo hemodynamics in terms of flow coherence finds its rationale
in the effectiveness of a coherence-based analysis in characterizing
physiologically relevant conditions such as flow recirculation, separa-
tion and reattachment, local heterogeneity in the flow field, and
mechanisms governing stirring and mixing (Shadden and Taylor, 2008).
The above-mentioned hypothesis is tested on three subject-specific
models of healthy human thoracic aorta performing two simulations
on each reconstructed anatomy, assuming: (1) aortic rigid walls, and (2)
subject-specific aortic wall displacements imposed applying an RBF-
based mesh morphing strategy (Capellini et al., 2020). The influence
of wall displacements on the AAo large-scale fluid structures is analyzed
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in terms of through-plane velocity coherence and in-plane velocity dis-
tribution, as well as in terms of helical flow because of its recognized
physiological significance in cardiovascular flows (Liu et al., 2009;
Morbiducci et al., 2011). For the sake of completeness, the study is
complemented by the analysis of the impact that aortic wall displace-
ments have on wall shear stress (WSS), given its established role in the
initiation and progression of vascular disease.

2. Materials and methods

An overview of the here adopted methods is provided in the sche-
matic diagram in Fig. 1. Three male subjects of 25, 89 and 64 years old
respectively were retrospectively selected and analyzed for this study.
The three patients were affected by cardiac diseases, but they did not
present aneurysmatic or aortic valve pathologies. A 320-detector scan-
ner (Toshiba Aquilon One, Toshiba, Japan) was used to acquire dynamic
CT scans of the aorta at 10 ECG-gated phases of the cardiac cycle. At
each acquired phase, the 3D geometry of the AAo, arch and supra-aortic
vessels was reconstructed within the VMTK (https://www.vmtk.org)
environment. Details on image processing and geometries reconstruc-
tion, extensively described in previous studies (Capellini et al., 2020,
2018), are reported in the Supplementary Material.

2.1. Computational hemodynamics

On each subject two different modelling strategies were adopted: (1)
CFD simulation assuming aortic rigid walls, performed on the geometry
reconstructed from CT images acquired at the 0% phase of the cardiac
cycle; (2) CFD simulation with aortic wall displacements along the
cardiac cycle imposed by applying an RBF mesh morphing on the 10
reconstructed transient anatomies of the aorta (Capellini et al., 2020,
2018) (Fig. 1). The same computational settings and boundary condi-
tions were adopted in the rigid- and the moving-wall CFD simulations.
Briefly, aortic blood was assumed an incompressible, homogeneous,
Newtonian fluid (density p = 1060 kg m~3, dynamic viscosity u =
0.0035 Pa s). The governing Navier-Stokes equations of fluid motion
were solved in their discrete form using the finite volume-based CFD
code Fluent (ANSYS Inc., USA) on computational grids consisting of
tetrahedral elements in the lumen region and four layers of triangular
prisms in the near-wall region. Echocardiographic velocity measure-
ments were used to derive individualized inflow boundary conditions.
Boundary conditions at the supra-aortic and at the descending aorta
(DAo) outflow sections were set adopting a 3D-0D coupling approach
through the implementation of lumped three-elements Windkessel
models (Fig. 1). Details on the strategy implemented to prescribe
boundary conditions are reported in the Supplementary Material.

In CFD simulations where wall displacements were imposed, a
scheme proposed elsewhere (Capellini et al. 2020, 2018) was applied.
Briefly, CFD is integrated with a morphing technique based on the aortic
geometries reconstructed along the cardiac cycle from dynamic CT re-
cordings thus imparting subject-specific aortic wall displacements
without re-meshing adopting an RBF anatomic basis of representation.
As the method only relies on the knowledge of wall displacements at
different phases along the cardiac cycle, no assumption on the vessels’
material properties was introduced. Descriptive notes on the RBF mesh-
morphing technique are briefly reported in the Supplementary Material.
For both the rigid- and moving-wall simulations, a no-slip condition was
applied to the wall. To ensure that CFD solutions were not affected by
initial transients, three cardiac cycles were simulated and the results
relative to the third cycle were considered.

2.2. Large-scale hemodynamics characterization in the ascending aorta
This study analyzed the impact of aortic wall motion on the spatio-

temporal heterogeneity of the large-scale fluid structures in the AAo.
The aortic hemodynamics was characterized in terms of axial (through-
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plane) V,, and secondary Vi (in-plane) blood velocity components,
obtained by projecting the local blood velocity vector V along the di-
rection of the local vessel centerline and on the local transversal plane,
respectively (Fig. 1), as extensively proposed elsewhere (Calo et al.,
2021, 2020; Morbiducci et al., 2015). The sign of Vg, is representative of
the main flow direction (positive, forward flow; negative, retrograde
flow), whereas V. is related to aortic secondary flow structures (on the
vessel’s cross-section).

Given the well-established physiological significance of helical flow
in arteries (Liu et al., 2015; Stonebridge et al., 2016) and in particular in
aorta (Kilner et al., 1993; Morbiducci et al., 2011, 2009), the large-scale
intravascular aortic hemodynamics was also characterized in terms of
kinetic helicity density H, defined as the internal product of the velocity
vector V with the vorticity vector o (Fig. 1). Hy is a pseudoscalar
quantity with its sign indicating the direction of rotation of the helical
flow structures (positive, right-handed; negative, left-handed). Here Hy
was normalized to obtain the Local Normalized Helicity (LNH, Fig. 1),
which has been demonstrated to be effective in visualizing helical flow
patterns in arteries (Morbiducci et al., 2013, 2007). Furthermore,
established helicity-based quantities (Fig. 1) evaluating the amount,
intensity and topological features of helical flow structures were also
computed (Morbiducci et al., 2013): hy and hg, measuring the average
net amount and intensity of helical flow over the cardiac cycle,
respectively; hs, an indicator of the presence of balanced/unbalanced
counter-rotating helical flow patterns.

To evaluate the impact of wall displacements on the spatiotemporal
coherence of the large-scale structures characterizing the AAo hemo-
dynamics, a correlation-based analysis was performed. In detail, the
similarity in shape between the simulated waveforms of the hemody-
namic quantities (HQs) along the cardiac cycle at corresponding nodes i
of the computational grid of the rigid- and moving-wall models was

measured using the pairwise Pearson correlation coefficient RF,Y

(Fig. 1).

The effect of the aortic wall displacements was also investigated
analyzing the similarity of the large-scale axial flow features in AAo as
described by Vg, waveforms along the cardiac cycle with the subject-
specific blood flow rate waveform at the AAo inlet section, here
considered as a main driving factor conditioning the dominant aortic
hemodynamics in healthy subjects. To do that, a scheme based on
complex networks theory was adopted and for each subject two “one-to-
all” networks (one for the rigid- and one for the moving-wall model)
were built (Fig. 1), as proposed elsewhere (Calo et al., 2020, 2023). By
construction the “one-to-all” network contains a reference node repre-
sented by the subject-specific blood flow rate waveform Q(t), with the
remaining nodes represented by the Vi ;(t) waveforms as obtained from
the rigid- or moving-wall CFD simulations and defined at each mesh grid
point i of the AAo. To characterize the relationship between the driving
flow rate waveform and axial blood flow, the links of the network were
weighted by the Pearson correlation coefficient between Q(t) and each
Vaxi(t) waveform, and the anatomical length of persistence of the
Q(t) —Vax(t) correlation in AAo was quantified computing the Average
Weighted Curvilinear Distance (AWCD) network metric, defined as (Calo
et al., 2023):

AWCD:lliN:Rgis; (€Y
I'N i=1 o
where [ is the centerline’s length of the AAo segment, N is the number of
nodes, Rq; is the correlation coefficient between Q(t) and the Vi ;(t)
waveform at node i, and s; is the curvilinear distance between the AAo
inflow section (where the reference node is located by construction) and
the vessel cross-section where node i is located (Fig. 1). By measuring the
length of persistence of the Q(t) — Vi (t) waveforms correlation along the
“one-to-all” network links in AAo, AWCD provides a quantification of
the sphere of influence of the aortic flow rate waveform on the distal
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Investigated WSS-based quantities: WSS is the time-varying wall shear stress vector; T is the cardiac cycle
duration; WSS, is the WSS unit vector; V e (WSS,) is the divergence of the WSS unit vector field; the overbar

denotes a cycle-average quantity.

Investigated WSS-based quantities

Time-averaged Wall Shear Stress (TAWSS)

Oscillatory Shear Index (OSI)

Topological Shear Variation Index (TSVI)

1 T
TAWSS = - / |WSS|dt
TJo

| Jo wssd|
ost =05|1-|p—1
JTwssde

1/2
TSVI = {%/T [V o (WSS,) fmfdr}
0

large-scale axial flow structures (Calo et al., 2023).

2.3. Wall shear stress in the ascending aorta

The effect of AAo wall displacements on WSS was quantified in terms
of the two canonical quantities time-averaged WSS (TAWSS, measuring
the local average value of WSS magnitude along the cardiac cycle;
Table 1) and oscillatory shear index (OSI, a measure of WSS directional
changes along the cardiac cycle; Table 1), as well as the recently pro-
posed topological shear variation index (TSVI, quantifying the

S1

0.80

variability in the contraction/expansion action exerted by the WSS on
the endothelium along the cardiac cycle (De Nisco et al., 2020; Mazzi
et al., 2021); Table 1).

3. Results

The AAo geometries at 5 representative phases of the cardiac cycle
are shown in Fig. S1 of the Supplementary Material.

S2

&
©

Fig. 2. Impact of aortic motion on the spatiotemporal similarity of axial flow in the AAo: volumetric maps of correlation coefficients R}f,;{” between the Voy(t)

waveforms at corresponding nodes of the rigid- and moving-wall models. Maps at three cross-sections along the AAo are also displayed.
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S3

Fig. 6. Impact of aortic motion on the spatiotemporal similarity of helical flow in the AAo: volume maps of the correlation coefficients Rf}k’KM between the Hy;(t)

waveforms at corresponding nodes of the rigid- and moving-wall models. Maps at three cross-sections along the AAo are also displayed.

3.1. Impact of aortic motion on the large-scale axial flow

The volumetric maps of the correlation coefficients R ™ between

the Vg ;(t) waveforms at corresponding nodes of the rigid- and moving-
wall models are presented in Fig. 2. Overall, it emerges that the large-
scale axial velocity waveforms along the cardiac cycle in the rigid-
and in the moving-wall aorta are strongly correlated in all the analyzed
subjects (Table S2 in the Supplementary Material), particularly in the
bulk of the proximal AAo and in the entire AAo distal portion (Fig. 2).
The observed moderate loss of correlation between axial flow patterns
(R{‘,;f:” < 0.8) in the rigid- and moving-wall models is restricted to the

near-wall regions of the aortic root and of the proximal AAo (Fig. 2).
The results of the “one-to-all” network analysis are presented in Fig. 3

in terms of volumetric maps of the correlation coefficients between Q(t)

and Vi (t) waveforms in the rigid- (Rg‘i) and in the moving-wall (RZ’J)

models. Consistently with the results in Fig. 2, R§; and RY; distributions

are similar for all the investigated subjects. In general, the results of
Fig. 3 suggest that the flow rate waveform Q(t) entering the AAo
markedly shapes V,,(t) waveforms in the bulk of both rigid- and moving-
wall models (as proven by the high correlation values, Table S3 in the
Supplementary Material), while the similarity is partially lost in the
near-wall region of the aortic root and of mid AAo. Interesting findings
emerge from the calculation of the anatomical length of persistence of
the correlation between the subject-specific blood flow rate and the
large-scale axial flow structures, which overall varies from the 42% to
45% of the total length (I) of the AAo for all subjects, with a 4.4%
maximum AWCD percentage difference between rigid- and moving-wall
models (in subject S2), as highlighted by the AWCD values reported in
Fig. 3.

3.2. Impact of aortic motion on secondary flows

A picture of the secondary flows establishing in the rigid- and
moving-wall aortic models is depicted in Fig. 4, where the volumetric
maps of |V, cycle-averaged as well as at three different phases of the
cardiac cycle (peak systole, maximum flow acceleration and decelera-
tion), are presented for the explanatory subject S1 together with the
secondary flow patterns over three cross-sections of the AAo (results for
subjects S2 and S3 are reported in the Supplementary Material). Overall,
discernible differences emerge between the spatiotemporal organization
of secondary flows in the rigid-wall model and the moving-wall one
(Fig. 4). This is evident from the cross-sectional maps, highlighting how
AAo wall displacements affect the topology of secondary flows, causing

in-plane vortex structures dislocation, stretching but also formation,
compared to the rigid-wall model (see cross-sections in Fig. 4).

The impact of wall displacements on AAo hemodynamics is further
analyzed in terms of ratio |Vy|/|Vax| of the local in-plane and through-
plane velocity components magnitude values. The boxplots in Fig. 5
compare the rigid- and moving-wall models in terms of distributions of
|Vse|/|Vax| values, averaged along the cardiac cycle and at three phases of
the cardiac cycle, and at three AAo cross-sections for all the analyzed
subjects (the corresponding |Vi|/|Vax| surface maps are reported in the
Supplementary Material): at maximum flow acceleration and at peak
systole axial velocity is the dominant velocity component (|Vy|/|Vax| <
0.4, Fig. 5), independent of wall displacement, in all the subjects; the
amount of secondary flows increases at maximum flow deceleration, but
with a higher variability (in particular in subjects S1 and S3), high-
lighting that in certain locations Vi equals or predominates over Vg,
(|Vie|/|Vax| > 1.0, Fig. 5). Around maximum flow deceleration, in gen-
eral |Vi|/|Vax| is higher in the moving-wall models than in the rigid
ones. All this reflects on the cycle-average data, highlighting the higher
contribution of Vg, to the aortic velocity vector field (Fig. 5).

3.3. Impact of aortic motion on helical flow

The volumetric maps of the pairwise correlation coefficients RZ;M
measuring the spatiotemporal similarity of helical flow in the rigid- and
moving-wall models are displayed in Fig. 6. Overall, it emerges that the
kinetic helicity density waveforms along the cardiac cycle in the rigid-
and moving-wall models are weakly-to-moderately correlated posi-
tively, with Rﬁ;f’l value distributions characterized by marked vari-
ability in all the analyzed subjects (Table S4 in the Supplementary
Material). The negative high-magnitude RY ™ values indicate the pres-

ence of aortic regions where Hy ;(t) waveforms obtained from the rigid-
and moving-wall simulations are opposite in phase (Fig. 6), i.e., they
present similar temporal variations but with opposite Hy signs, or in
other words opposite directions of rotation of the helical blood flow
patterns (Fig. 1).

The volumetric maps of LNH averaged along the cardiac cycle are
adopted to visualize helical flow topological features in AAo (Fig. 7).
Independent of the subject, two distinguishable coherent counter-
rotating helical flow structures (left-handed, blue color; right-handed,
red color) characterize the hemodynamics of both rigid- and moving-
wall models, but with some differences in the cycle-average LNH pro-
files on the AAo cross-sections (Fig. 7). In detail, in S1 rigid-wall model
the two counter-rotating helical fluid structures are overall balanced,
whereas the moving-wall model is characterized by a larger right-
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Fig. 7. Impact of aortic motion on helical flow topological features in the AAo:
volume maps of cycle-average LNH in the rigid- and moving-wall models.
Positive (red) and negative (blue) LNH values indicate counter-rotating flow
structures. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

handed helical structure developing from the mid to the distal AAo. In
the other two subjects, while changing the topology of helical structures
compared to the rigid-wall model, the moving-wall does not markedly
affect the balance (in subject S3) or unbalance (in subject S2) of the two
counter-rotating helical structures (Fig. 7).

These qualitative observations are quantitatively confirmed by the
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Table 2
Values of the helicity-based quantities h; for the rigid- and moving-wall models.
S1 S2 S3
Rigid Moving Rigid Moving Rigid Moving
hy[ms~?] 0.15 0.46 —0.35 —0.36 —0.09 0.03
hy[m s~2] 3.67 3.76 3.76 3.48 3.91 3.22
hs 0.04 0.12 —0.09 -0.10 —0.02 0.01

helicity-based quantities (Table 2). In particular, the negative (low in
magnitude) h; and hs values for subject S2 indicate a slight predomi-
nance of a left-handed helical structure both in the rigid- and the
moving-wall model, whereas the close-to-zero h; and hs values in sub-
ject S3 are indicative of an overall rotational balance. The difference in
hy values between rigid- and moving-wall models in S1 (0.15 vs. 0.46 m
s’z, respectively) reflects a minimal effect of wall motion on the (close to
zero) average net amount of helical flow over the cardiac cycle, with a
slight predominance of a right-handed helical structure (positive h;
values) in this subject. In fact, in terms of fluid mechanics the observed
difference in h; values indicates that in the moving-wall model a small
amount of helical flow patterns reversed their direction of rotation from
left-handed to right-handed, compared to the rigid-wall model (Fig. 7),
thus contributing to a higher positive h; value. However, this effect is
not relevant, if we look at the corresponding values of helicity intensity
hy (Table 2). Moreover, the positively low value of h3 (0.12) in the S1
moving-wall model confirms the presence of the more (even if moder-
ately) pronounced right-handed helical structure, which is balanced by a
left-handed one of similar strength (hs closer to 0) in the rigid-wall
model (Table 2, Fig. 7). Unlike helical flow topology, the intensity of
helical flow undergoes only moderate variation due to wall displace-
ments, as proven by the similar h, values characterizing the helical flow
in rigid- and moving-wall models (Table 2).

3.4. Impact of aortic motion on wall shear stress

The impact of wall displacements on AAo hemodynamics is analyzed
also comparing the distributions of the WSS-based quantities. For each
subject, TAWSS and TSVI present very similar distributions on the
luminal surface of the rigid- and of the moving-wall model, while more
marked differences characterize OSI distributions (Fig. 8). The analysis
of the scatter plots in Fig. 8 confirms that assuming rigid aortic walls has
a more marked impact on OSI (rigid- vs. moving-wall correlation co-
efficients R in the range 0.43-0.54) than on TAWSS and TSVI (rigid- vs.
moving-wall correlation coefficients R in the range 0.83-0.90 for
TAWSS, and in the range 0.89-0.94 for TSVI).

4. Discussion

In the context of uncertainty quantification in computational he-
modynamics, the real need for incorporating aortic wall displacements
in simulations is still debated. Even though standard CFD simulations of
the aortic hemodynamics are based on the rigid-wall assumption, pre-
vious studies reported that incorporating aortic wall displacements in
aortic flow computer models has allowed to obtain e.g. (1) velocity fields
closer to in vivo measurements (Jin et al., 2003; Lantz et al., 2014), (2)
distributions of WSS-based quantities on the luminal surface similar to
rigid-wall CFD simulations but with different local values (Reymond
et al., 2013; Stokes et al., 2021), and (3) comparable integral values of
helicity intensity (Capellini et al., 2020). To date, the impact of wall
displacements on AAo blood flow organization has not been explored.

By using an RBF-based mesh morphing strategy to reproduce subject-
specific wall motion, this study investigates the impact of wall dis-
placements on the large-scale hemodynamics in the AAo, analyzing the
modifications (1) in the persistence of similarity of fluid structures along
the main flow direction, (2) in the structure of secondary flows, (3) in
helical flow, given by the composition of axial and secondary flow, and
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Fig. 8. Impact of aortic motion on wall shear stress in the AAo: violin plots and scatter plots of TAWSS, OSI and TSVI in the rigid- and moving-wall models. Colormap
in the scatter plots indicates the absolute difference between the moving- and the rigid-wall case in the nodal values of the investigated WSS-based quantities. The

identity line as well as the regression line with the Pearson correlation coefficient R are also displayed.

(4) in WSS profiles. The AAo was selected for the analysis because it is
site of election of a relevant portion of pathologies affecting the aorta
(Ellozy, 2017; LeMaire and Russell, 2011; Thiene et al., 2021); in
addition to that, it was recently found that the persistence of similarity
of large-scale flow structures is maintained up to the distal AAo, in
healthy subjects (Calo et al., 2023). The final aims of this study were: (1)
identifying the mechanistic role of wall displacements in shaping large-
scale hemodynamics in AAo, quantifying their impact on axial and
secondary flows; (2) evaluating the overall impact of aortic wall dis-
placements on helical flow (given by the composition of axial and sec-
ondary flows) and WSS profiles, because of their demonstrated
physiological significance (Liu et al., 2009; Morbiducci et al., 2011); (3)
clarifying if rigid-wall CFD simulations satisfactorily capture large-scale
fluid structures in the AAo.

Among the main results it emerged that aortic wall displacements
have small impact when considering axial blood flow: except for a
narrow near-wall region in the aortic root, Ve ;(t) waveforms in the
rigid- and moving-wall models are strongly correlated (median value
above 0.96, Fig. 2 and Table S2). Consistently, the negligible differences
in AWCD values (lower than 4.5%, Fig. 3) between rigid- and moving-
wall simulations suggest that rigid-wall simulations accurately repli-
cate the anatomical length of persistence of the correlation of the axial
blood flow along the AAo. By exploiting the network formalism and
adopting the definition of flow coherence as imparted by the driving
action of the proximal AAo blood flow rate waveform, the “one-to-all”
approach adds the quantitative information on the length of persistence
of the similarity with a driving flow rate waveform in the AAo large scale
hemodynamics (Calo et al., 2023).

Different from the large-scale axial flow, wall displacements impact
more markedly secondary flow patterns (Fig. 4, Fig. S1 and Fig. S2). This
observation is confirmed by the analysis of the spatial distributions of
the |Vy|/|Vax| ratio in AAo: even though Vg, provides the major contri-
bution to the aortic velocity vector field (in line with previous findings,
see Jin et al., 2003) independent of aortic wall displacement, differences
emerge between rigid- and moving-wall simulations (Fig. 5).

The changes in secondary flow patterns imparted by wall displace-
ments in AAo reflect only moderately on helical flow. From rigid- and
moving-wall simulations marginal differences emerge in the cycle-
average net amount of helical flow as measured by h; and in helicity

intensity hy (Table 2), suggesting that the overall impact of wall
displacement on secondary flows affects helical flow topology modestly
(as expressed in terms of Hy waveforms similarity, Fig. 6, and LNH
distributions, Fig. 7) and its intensity marginally, in AAo. This finding
suggests that helical flow intensity hy, which has been demonstrated to
play an atheroprotective role in arteries by suppressing flow distortions
(Gallo et al., 2018; Morbiducci et al., 2011, 2009), could be affordably
quantified with CFD simulations adopting the rigid-wall assumption.

Regarding WSS, it emerged that AAo wall displacements have no
marked impact on the distributions on the luminal surface of the cycle-
average WSS magnitude (TAWSS) and on the variability of the WSS
contraction/expansion action along the cardiac cycle (TSVI) (Fig. 8).
More marked differences emerged for OSI, with rigid-walls assumption
leading to a moderate underestimation (Fig. 8), in agreement with
previous findings (Capellini et al., 2020; Stokes et al., 2021) suggesting
an impact of aortic wall displacements on WSS direction reversal along
the cardiac cycle.

Some limitations could weaken the findings of this study. The first
one is the application of an idealized flat velocity profile as boundary
condition at the inlet. As suggested in previous studies, fully personal-
ized inflow boundary conditions should be applied to realistically model
aortic hemodynamics (Morbiducci et al., 2013; Youssefi et al., 2018).
However, the idealization introduced here to manage inflow boundary
conditions marginally entails the generalization of our findings, which
are related to the sole effect of aortic wall motion on large-scale flow
coherence. In this sense, applying the same boundary conditions to
rigid- and moving-wall models allowed to relate the observed differ-
ences to univocal causes. In this study only 10 phases of ECG-gated CT
scans were acquired and, consequently, the wall displacements were
available only for a limited percentage of the cardiac cycle. Although the
temporal resolution of the acquired dynamic CT images is limited
compared to more dynamic modalities such as echo and magnetic
resonance, advantages associated to CT imaging in terms of spatial
resolution should be considered. Another limitation is represented by
the assumption of Newtonian rheological behavior for blood. However,
the choice of blood rheological models in aorta is still an open point of
discussion (Menut et al., 2018). Only three subjects were analyzed in
this study, therefore further investigations with larger datasets are
needed to confirm the present findings. Finally, the herein simulated
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hemodynamics does not account for turbulent phenomena that may
occur also in healthy aortas. However, this modelling assumption does
not entail the generality of the results because the focus of the study is on
large-scale aortic fluid structures.

5. Conclusions

In this study the impact of aortic wall displacements on the coher-
ence of the large-scale fluid structures in AAo was investigated by
integration of in vivo measurements with an RBF-based mesh morphing
strategy, and CFD. The comparative analysis of the results from rigid-
and moving-wall simulations suggests that aortic wall displacements
might impact secondary flows topology but not the large-scale axial
flow. Moreover, the structure of secondary flows when considering wall
displacements contribute to establish helical flow patterns in AAo with
modest topological differences compared to rigid-wall models, whereas
helicity intensity is not significantly affected.

Hence, the findings of this study suggest that the rigid-wall
assumption might be a satisfactory approximation when modelling the
aortic hemodynamics to investigate the large-scale spatiotemporal
coherence of axial flow (Calo et al., 2021, 2023) or helical flow profiles
as indicators of physiological significance (Gulan et al., 2014; Liu et al.,
2015; Morbiducci et al., 2011, 2009; Oechtering et al., 2020). Consid-
ering the increased complexity and computational efforts required by
moving-wall simulations, especially when adopting FSI, the hemody-
namic picture provided by rigid-wall aortic models might still be
considered reasonable in the context of potential clinical practicality
(Brown et al., 2012).
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