<]
TUDelft

Delft University of Technology

Role of Aortic Root Motion in Fluid-Structure Interaction Simulations of Ascending
Thoracic Aortic Aneurysm

Zhu, Yu; Li, Binghuan; Armour, Chlée; Pirola, Selene; Salmasi, Yousuf; Athanasiou, Thanos; O'Regan,
Declan P.; Xu, Xiao Yun

DOI
10.1109/TBME.2025.3558436

Publication date
2025

Document Version
Final published version

Published in
IEEE Transactions on Biomedical Engineering

Citation (APA)

Zhu, Y., Li, B., Armour, C., Pirola, S., Salmasi, Y., Athanasiou, T., O'Regan, D. P., & Xu, X. Y. (2025). Role
of Aortic Root Motion in Fluid-Structure Interaction Simulations of Ascending Thoracic Aortic Aneurysm.
IEEE Transactions on Biomedical Engineering, 72(10), 2981-2990.
https://doi.org/10.1109/TBME.2025.35584 36

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/TBME.2025.3558436
https://doi.org/10.1109/TBME.2025.3558436

Green Open Access added to TU Delft Institutional Repository
as part of the Taverne amendment.

More information about this copyright law amendment
can be found at https://www.openaccess.nl.

Otherwise as indicated in the copyright section:
the publisher is the copyright holder of this work and the
author uses the Dutch legislation to make this work public.


https://repository.tudelft.nl/
https://www.openaccess.nl/en

& IEEE

*EMBS

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 72, NO. 10, OCTOBER 2025

2981

Role of Aortic Root Motion in Fluid-Structure
Interaction Simulations of Ascending
Thoracic Aortic Aneurysm

Yu Zhu
Declan P. O’Regan

Abstract—Objective: Computational modelling of as-
cending thoracic aortic aneurysms (ATAA) typically as-
sumes zero-displacement at the model’s inlet. In this study
we incorporated different types of aortic root motion into
fluid-structure interaction (FSI) models representing an
ATAA and a healthy aorta to examine their impacts on wall
stress and wall shear stress (WSS) predictions. Methods:
Five types of boundary conditions were specified at the
inlet of the solid domain: (a) zero-displacement constraints,
(b) longitudinal displacement, (c) in-plane displacement,
(d) combined longitudinal and in-plane displacement, and
(e) rotation. The aortic walls were prestressed and modelled
as anisotropic hyperelastic materials. A transitional turbu-
lence model was employed to simulate the non-Newtonian
blood flow, together with patient-specific boundary con-
ditions. Results: Combined longitudinal and in-plane dis-
placement at the aortic root increased regions with elevated
maximum principal stress (MPS > 250 kPa) by 331% for
the healthy aorta, and 57.1% for the ATAA model. Peak
wall stress showed modest increases by 11.4% and 14%
in the ATAA model and healthy aorta, respectively. Com-
bined longitudinal and in-plane displacement increased the
area of extremely high WSS regions (>20 Pa) by 20.5%
in the ATAA model, primarily in the ascending aorta. For
the healthy aorta, rotation had the most notable impact on
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WSS, reducing the area of elevated WSS regions (>7 Pa)
by 18.8%. Conclusion: Our results highlight the importance
of incorporating aortic root motion into FSI models for
more accurate prediction of aortic wall stress and WSS.
This would enhance patient-specific risk stratification for
patients with ATAA.

Index Terms—Aorta, ascending thoracic aortic aneurysm
(ATAA), aortic root motion, fluid-structure interaction (FSI).

[. INTRODUCTION

TAA stands for ascending thoracic aortic aneurysm, which
A is a degenerative disease characterized by a permanent
dilatation of a portion of the ascending aorta. As the aneurysm
expands, dissection or rupture may occur, which is often lethal
and has been reported as the 13" leading cause of death in
Western countries [1], [2]. Surgery is typically indicated for
asymptomatic ATAA patients with a maximum diameter of >
5.5 cm [3]. However, nearly 60% of dissections occurred at
diameters less than 5.5 cm [4], rendering the pressing need to
identify novel predictors beyond aneurysm size for enhanced
risk stratification [3].

Biomechanically, dissection or rupture can be viewed as a
failure event, where wall stress exceeds the inherent strength of
its tissue. Unfortunately, neither wall stress nor wall strength can
be noninvasively measured in vivo. Image-based finite element
analysis (FEA) allows personalized risk assessment through
patient-specific wall stress analysis in ATAAs [5], [6], [7], [8],
[9], [10]. However, these studies may have underestimated the
risk of dissection or rupture due to the assumption of a fixed aor-
tic root. Incorporating aortic root motion, particularly the axial
displacement in FE models has been reported to significantly
increase the longitudinal stress in the ascending aorta [11], [12],
[13], [14], [15], [16], which is a known risk factor for aortic
dissection. Beller et al. (2004) and Wei et al. (2019), among
the others, also assessed the impact of aortic root twisting and
in-plane motion on wall stress predictions. While both types
of motion were found to have negligible effects on wall stress,
these studies were confined to FE stress analysis of healthy aortic
models [15], [16].

Patient-specific computational fluid dynamics (CFD) simu-
lations have also been applied extensively to explore potential
correlations between abnormal hemodynamic conditions within
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aortic aneurysms and their progressions [17], [18], [19], [20],
[21], [22], [23], [24]. High wall shear stress (WSS) has been
shown to compromise the structural integrity of the aortic wall
[20], [21], [22], [23], [24]. However, very few CFD studies con-
sidered the effect of aortic root motion on flow in the ascending
aorta. Wendell et al. (2016) examined the impact of cardiac
motion on blood flow in CFD simulations of the thoracic aorta,
and by prescribing motion-compensated inflow they found that
WSS was underestimated in a model without cardiac motion
[25]. In another CFD study carried out by Jin et al. (2003), mo-
tion of the proximal ascending aorta was modeled by a moving
wall method which incorporated radial expansion-contraction
and translational movement [26]. They found that including
wall motion was critical for more accurate determination of
flow patterns in the ascending aorta [26]. However, longitudinal
motion was not considered in this study.

The present study aimed to comprehensively examine the im-
pacts of aortic root motion on hemodynamics and biomechanics
in an ATAA model using fully coupled two-way fluid-structure
interaction (FSI) simulations. Computational results, including
WSS and wall mechanical stress, were compared among 5
FSI models: (1) without any root motion, (2) with longitudi-
nal displacement only, (3) with in-plane motion only, (4) with
combined longitudinal and in-plane displacement, and (5) with
rotation only. These FSI simulation setups were also applied
to a healthy aorta to determine whether aortic root motion has
differential impacts on the parameters of interest in aneurysmal
and healthy aortas.

[l. METHODOLOGY
A. Data Acquisition and Geometry Reconstruction

Both computed tomography angiography (CTA) and 4D flow
magnetic resonance imaging (4D-flow MRI) were performed on
a patient who presented with severe aortic regurgitation and a
dilated ascending aorta (maximum diameter: 5.2 cm), while only
4D-flow MRI was available for a healthy volunteer. This study
received ethical approval from the Health Research Authority
(HRA) in the United Kingdom (17/N1/0160).

Using Mimics 24.0 (Materialise, Leuven, Belgium), the 3D
geometry of the ATAA was extracted from CTA data, while
the geometry of the healthy aorta was extracted from 4D-flow
images: the aorta was segmented in each three velocity phases
and the magnitude phase, where different sections of the aorta
could be clearly identified, before being combined into the final
complete geometry. The reconstructed geometries (Fig. 1(a))
provided both the 3D fluid domain and the inner surface of the
wall in the FSI model. The wall structural domain was created
by uniformly offsetting the inner wall surface by 2.1 mm for the
ATAA model [27] and 1.5 mm for the healthy aorta [28].

Ansys ICEM 19.2 (ANSYS, Canonsburg, PA, United States)
was used to generate computational mesh for both the fluid and
solid domains. For each model, the fluid domain was meshed
with a tetrahedral core and 10 prismatic layers at the wall,
whereas the solid domain was discretized into unstructured
tetrahedral elements. The grid convergence index (GCI) was
calculated to ensure the solution was mesh independent. Further
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Fig. 1. (a) Reconstructed computational models for a patient with an
ascending thoracic aortic aneurysm (top left) and a healthy volunteer
(top right), with the fluid and solid domains shown in white and red,
respectively. (b) Volumetric flow rate waveforms derived from 4D flow
MRI of the ATAA patient and healthy aorta. (c) 3D inlet velocity profiles
for both models at 6 time points (i1 — t6) across the cardiac cycle. Time
points are indicated by red and blue circles for ATAA patient and healthy
aorta, respectively, on flow rate waveforms.

details on the GCI can be found in Supplementary material S1.
The final meshes comprised approximately 2.6 million elements
for the fluid domain of the ATAA model and 1.2 million elements
for the healthy aorta. Regarding the solid domain, the final
meshes contained 1.2 and 0.8 million elements for the ATAA
model and the healthy aorta, respectively.

B. Fluid Model

Blood flow was modelled using the Reynolds-averaged
Navier-Stokes (RANS)-based shear stress transport transitional
model [29], [30]. Blood was assumed to be incompressible
with a constant density of 1060 kg/m?, and its non-Newtonian
behaviour was described using the empirical Carreau-Yasuda
model:

1o(¥) = poo + (o — poo) (14 (A9)%) = (0
where (i, and p are the infinite shear viscosity and the zero-
shear viscosity with values being 0.0035 Pa s and 0.1600 Pa s,
respectively, 7 is the shear rate, and a, n, and A are empirical
constants with values being 0.64, 0.2128, and 8.2 s, respectively
[31].

For both the ATAA and healthy aorta models, patient-specific
3D inlet velocity profiles (3D-IVPs) shown in Fig. 1(c) were
applied as inlet boundary conditions. Specifically, the raw DI-
COM data were processed using in-house Python codes to
generate complete 3D velocity fields at every time point from the
4D-flow MRI scans. The reconstructed aortic surface (Fig. 1(a))
was registered to 4D-flow MRI based on the velocity field.
Using the same Python codes, the three velocity components
were extracted from 4D-flow MRI at the location of the inlet
and then mapped onto the meshed inlet surface. Since the
MRI-derived velocity profiles correspond to an inlet plane with
fixed coordinates, applying root motion at the inlet would alter
its coordinates, leading to accumulated errors in the predicted
inflow. To address this issue, in FSI simulations with root motion,
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TABLE |
3-EWM PARAMETERS FOR MODEL OUTLETS

R, R, C
[10])Pasm3] [10%Pasm?] [10° m’Pa']
1A 1.29 19.79 091
ATAA LCCA 1.14 17.80 1.01
patient LSCA 1.01 16.10 1.12
DA 0.11 1.39 12.82
1A 1.55 23.16 0.72
Healthy LCCA 5.01 63.43 0.26
aorta LSCA 5.09 64.22 0.26
DA 0.20 2.54 6.53

R, = proximal resistance, R, = distal resistance, C = compliance, IA =
innominate artery, LCCA = left common carotid artery, LSCA = left subclavian
artery, DA = descending aorta.

the coordinates defining the 3D-IVPs were manually adjusted to
account for the shifted locations of the inlet planes.

The outlet boundary conditions were based on 3-element
Windkessel model (3-EWM), and its parameters were tuned
using patient-specific information [32]. The total blood flow
through the supra-aortic branches, calculated as the difference in
average flow rate, measured using 4D-flow MRI, between two
planes located proximally and distally to the aortic arch, was
19% for the ATAA model and 16% for the healthy aorta. Addi-
tionally, brachial pressure measurements for the ATAA patient
were recorded as 140/88 mmHg, which were then converted into
central blood pressures based on the following equations [33]:

SBPcentral = 0.9 SBPbrachz’al (2)
DBPcentral = 1.01 % DBPbrachial (3)

where SBP and D B P refer to systolic and diastolic blood pres-
sure, respectively. For the healthy aorta, standard pressures of
120/80 mmHg were assumed due to the absence of pressure mea-
surements. It should be noted that the conversion was performed
by calculating the ratio of brachial to central blood pressures,
based on measurements obtained and averaged over a cohort of
233 individuals [33]. However, no universally accurate method
exists for converting brachial pressure to central blood pressure,
as pressure amplification varies depending on factors such as
age, sex, height, and individual physiology. Therefore, the exact
relationship between central and brachial blood pressures varies
among individuals. The calculated 3-EWM parameters for both
models are reported in Table I.

C. Solid Domain

The aortic walls were described by the original Holzapfel-
Gasser-Ogden (HGO) anisotropic hyperelastic material model
[34]:

W = Cqy (11—3)4—2%2 Z {exp [kz([i—lf_l}}

i=4,6
4)
where W is the strain energy density, /7 is the first deviatoric
invariant, and I, and I4 are the pseudo-invariants of the Green-
Cauchy tensor. The material parameters, Cg, k1 and ko were
set to 109 kPa, 164.37 kPa and 4.1787 for the ATAA wall [35],
and 20.9 kPa, 710 kPa and 0.4 for the healthy aortic wall [36].
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Fig. 2.  Different boundary conditions applied at the inlet of the solid do-
main: (a) Zero-displacement, (b) Longitudinal displacement, (c) In-plane
displacement, (d) Combined longitudinal and in-plane translational dis-
placement, and (e) rotation. (f) Time-varying aortic root motion for the
ATAA model (black solid line) and the healthy aorta (grey solid line) along
with the corresponding inlet velocity waveforms (black and grey dashed
lines). The time points corresponding to peak systole and maximum
pressure are highlighted by red and blue dots, respectively.

The HGO model was implemented using Workbench APDL
commands (AHYPER, EXPO). For simplicity, the two fiber
families were assumed to be orthogonally aligned with the global
coordinate system.

Regarding boundary conditions, zero-displacement con-
straints were specified at all outlets, while 5 different boundary
conditions were applied at the inlet: (a) zero-displacement con-
straints, (b) longitudinal displacements with maximum values
of 4.2 mm and 5.2 mm for the ATAA model and healthy aorta,
respectively, (¢) in-plane translational displacements with a peak
value of 5.3 mm for the ATAA model and 5.0 mm for the healthy
aorta, (d) combined longitudinal and in-plane displacements
with the aforementioned peak values, and (e) clockwise rotations
(viewed from proximal to distal) with a maximum value of
1.9 degrees for both models [37]. As shown in Fig. 2, a local
coordinate system perpendicular to the inlet was created, and
time-varying displacements and rotations were prescribed at the
inlet. It should be mentioned that root motion was assumed to be
linear over the cardiac cycle, with peak displacement occurring
at the time point of maximum pressure. This assumption was
necessary to ensure that the coordinates of 3D-IVPs can be ad-
justed according to the linear motion of the inlet plane. Rayleigh
damping with empirical values (&« = 50, 8 = 0.1) was also
applied to account for support provided by the surrounding tissue
[38]. Prestress within the aortic walls was estimated using the
procedures reported in previous studies [27], [38], [39].

D. Fluid-Structure Interaction and Numerical Details

Two-way FSI simulations, based on the arbitrary Lagrangian-
Eulerian (ALE) method, were performed using ANSYS system
coupling (ANSYS, Canonsburg, PA, US), which couples AN-
SYS Structure (solid solver) and ANSYS CFX (fluid solver)
through a partitioned approach. This ensured coupling of the
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fluid physics and solid physics throughout the solution process,
rather than just passing data from one solver to the other at
the end of the simulation. At the interface between the fluid
and solid domains, the following conditions were applied: (a)
displacements of the fluid and structural domain must be com-
patible, (b) tractions at these boundaries must be at equilibrium,
and (c) the no-slip condition is still valid.

Rigid-wall CFD simulations were performed first for 7 cycles
for each model to reach a periodic stable solution. The results
from the last cycle were then used as the initial condition for FSI
simulations, which allowed the FSI simulation to reach periodic
stability within 3 cycles. A high-order advection scheme was
adopted for spatial discretization of the mass and momentum
conservation equations and a second-order implicit backward
Euler scheme was chosen for temporal discretization, with a
fixed time-step of 0.001 s. The solution convergence was con-
trolled by setting the maximum RMS residual as le-5.

During the FSI simulation, the updated mesh was smoothed
using the displacement diffusion method with mesh stiffness
blended with distance and small volumes [40]. The motion of
the inlet in the fluid model was synchronized with the structural
domain. An under-relaxation factor of 0.4 was specified to
dampen the pressure load transferred from the fluid solver to the
solid solver during each coupling iteration, which was necessary
to stabilize solutions. Within each coupled time-step (0.001 s), it-
erations were repeated until the maximum number of 8 iterations
was reached or the data transferred between solvers converged,
with the maximum RMS residual lower than 0.01. In general, the
FSI simulations converged within 5 coupling time-step. Results
obtained in the last cycle were used for detailed analysis. The
simulation results were analyzed using CEI Ensight 10 (CEI Inc,
Apex, NC, US).

Ill. RESULTS

A. Comparison of FSI Results and
In-Vivo Measurements

Fig. 3 presents volume-rendered instantaneous velocity fields
at peak systole from both 4D-flow MRI data and FSI simulations
for the ATAA model and healthy aorta. All the simulated cases
(a, d, and e) showed similar flow patterns throughout the aorta for
each model, indicating that the modified 3D-IVPs moved in sync
with the inlet plane. The results for longitudinal and in-plane
motion were not shown separately, as Case (d) captured their
combined effect. Furthermore, the simulated velocities were in
good overall agreement with the in vivo data. For the ATAA case,
the high-velocity jet in the ascending aorta was well captured,
although the simulated velocity magnitudes appeared lower in
the descending aorta. In the healthy aorta, the high-velocity jet
was accurately captured in both the ascending and descending
aorta.

Fig. 4 shows detailed comparisons of velocity contours at two
cross-sectional planes (CS1 and CS2) defined in the ascending
aorta. Again, the results showed a good correspondence between
the FSI models and 4D-flow MRI. In the ATAA model, at the
plane closer to the inlet (CS1), the high-speed flow jet originated
from the left side of the aorta and then impinged on the anterior

4D-flow MRI Case (a) Case (d) Case ()

Velocity [m/s]

00 03 05 08 10

17 ") ) ’)

Fig. 3. Comparisons of peak systolic flow patterns across the entire
fluid domain between in vivo 4D-flow MRI data and FSI results ob-
tained among various simulated inlet conditions for both the ATAA model
(top row) and healthy aorta (bottom row): Case (a) zero-displacement,
Case (d) combined longitudinal and in-plane displacement, and Case
(e) rotation.

Case (a) Case (d)

¢
@

Velocity [m/s]
[ = ]
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Fig. 4. Comparisons of peak systolic velocity contours at two cross-
sectional planes (CS1 and CS2) between in vivo 4D-flow MRI data
and FSI results obtained among various simulated inlet conditions for
both the ATAA model (top row) and healthy aorta (bottom row): Case
(a) zero-displacement, Case (d) combined longitudinal and in-plane
displacement, and Case (e) rotation. A, P, R, and L represent anterior,
posterior, right and left, respectively.

wall, as shown in CS2. In the healthy aorta, the flow jet was more
centered at CS1, skewing posteriorly when passing through the
aortic arch.

B. Effect of Aortic Root Motion on WSS

WSS is the frictional force induced by blood flow and healthy
arterial WSS ranges between 1 and 7 Pa [41]. The spatial
distributions of WSS at peak systole were comparable among
the 5 simulated conditions at the aortic root, as shown in Figs. 5
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TABLE Il
QUANTITATIVE COMPARISON OF REGIONS WITH ELEVATED WSS
M\
\/ Area (mm?)
WSS [Pa] ATAA patient
2 g e (a) (b) (c) (d) (e)
WSS >20 Pa 1665 1693 1997 2007 1615
(b) (©) (d) (e) Healthy aorta
WSS >7 Pa 592 557 515 553 481

2 P2 R R R

Fig. 5.  Comparison of wall shear stress (WSS) distributions at peak
systole were compared among 5 simulated inlet conditions for the ATAA
model: (a) zero-displacement, (b) longitudinal displacement, (c) in-plane
displacement, (d) combined longitudinal and in-plane displacement, and
(e) rotation. The corresponding iso-surfaces were also created to show
regions with elevated WSS (>20 Pa).

A_

WSS [Pa]

0.0 18 35 53 7.0

(d (e)

DA LA e

Fig. 6. Comparison of wall shear stress (WSS) distributions at peak
systole were compared among 5 simulated inlet conditions for the
healthy aorta: (a) zero-displacement, (b) longitudinal displacement,
(c) in-plane displacement, (d) combined longitudinal and in-plane dis-
placement, and (e) rotation. The corresponding iso-surfaces were also
created to show regions with elevated WSS (>7 Pa).

and 6 for the ATAA model and the healthy aorta, respectively.
For more detailed assessment of the impact of root motion
on WSS, regions with elevated WSS (>20 Pa for ATAA case
and >7 Pa for healthy aorta, shown in red) were illustrated by
creating iso-surfaces. Again, the distributions of elevated WSS
regions were similar across all the simulated models. It should
be mentioned that a larger threshold of 20 Pa was used to better
capture changes in extremely high WSS regions, which are more
common in ATAA patients due to flow jet impingement.
Quantitative comparison of the areas of these iso-surfaces
is reported in Table II, showing an opposite trend between
the two cases: applying root motion increased regions with
elevated WSS in the ATAA model but reduced these regions
in the healthy aorta. Moreover, in contrast to the ATAA model,
where an increase of elevated WSS regions occurred in the
ascending aorta, the reduction in regions with elevated WSS in
the healthy aorta was primarily observed along the arch. Among

WSS = wall shear stress. (a) zero-displacement, (b) longitudinal displacement,
(c) in-plane displacement, (d) combined longitudinal and in-plane
displacement, and (e) rotation.

TABLE Il
QUANTITATIVE COMPARISON OF REGIONS WITH ELEVATED WALL STRESS

Volume (mm?)
ATAA patient
(a) (b) © (d) (e)

MPS > 250 kPa 7156 8192 9062 11242 8913
Healthy aorta
MPS > 250 kPa 593 1402 811 2553 540

MPS = maximum principal stress. (a) zero-displacement, (b) longitudinal
displacement, (c) in-plane displacement, (d) combined longitudinal and in-
plane displacement, and (e) rotation.

the different types of root motion, combined longitudinal and
in-plane displacement had the most significant impact on WSS,
increasing the areas of regions with elevated WSS by 20.5% in
the ATAA case. Conversely, in the healthy aorta, rotation resulted
in the largest reduction, decreasing elevated WSS regions by
18.8%.

C. Effect of Aortic Root Motion on Wall Stress

Spatial distributions of the maximum principal stresses (MPS)
are shownin Figs. 7 and 8, for the ATAA model and healthy aorta,
respectively. High wall stress concentrations (indicated in red)
were observed along the ascending aorta and around the arch in
both models.

Iso-volumes were also created to illustrate regions with ele-
vated MPS. In the ATAA case, all types of motion increased the
areas of elevated MPS, specifically around the inner curvature
of the ascending aorta. The volumes of the regions with elevated
MPS were quantitatively compared across all the simulated
models, with the results presented in Table III. Applying root
motion increased the volumes of elevated MPS, most notably
for combined longitudinal and in-plane displacement in both
the ATAA model (57.1% increase) and the healthy aorta (331%
increase). Interestingly, the primary contributor to elevated wall
stress differed between the two models. In the ATAA model,
in-plane motion alone caused a 26.6% increase in the volume of
elevated MPS, compared to a 14.5% increase from longitudinal
displacement. Conversely, in the healthy aorta, longitudinal
motion solely led to a 136% increase in the volume of elevated
MPS, while in-plane displacement resulted in a 36.8% increase.
Additionally, rotation had a more pronounced impact in the
ATAA model, increasing elevated MPS regions by 24.6%, while
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Fig. 7. Comparison of maximum principal stress (MPS) distributions at peak systole and iso-volumes of regions with MPS > 250 kPa among
5 simulated inlet conditions for the ATAA model: (a) zero-displacement, (b) longitudinal displacement, (c) in-plane displacement, (d) combined
longitudinal and in-plane displacement and (e) rotation.

. Max. PS > 250 kPa
Max. Principal Stress [kPa|
[+ aw

0 63 125 188 250

Fig. 8.  Comparison of maximum principal stress (MPS) distributions at peak systole and iso-volumes of regions with MPS > 250 kPa among
5 simulated inlet conditions for the healthy aorta: (a) zero-displacement, (b) longitudinal displacement, (c) in-plane displacement, (d) combined
longitudinal and in-plane displacement and (e) rotation.
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TABLE IV
QUANTITATIVE COMPARISON OF PEAK WALL STRESS

ATAA patient

(2) (b) (©) (d) (e)

PWS (kPa) 511 518 539 569 523
Healthy aorta

PWS (kPa) 271 304 271 309 252

PWS = peak wall stress. (a) zero-displacement, (b) longitudinal displacement,
(c) in-plane displacement, (d) combined longitudinal and in-plane
displacement, and (e) rotation.

rotation in the healthy aorta caused a slight reduction (8.9%) in
the volume of elevated MPS.

The peak wall stress (PWS), represented by the 99" percentile
of MPS was also quantitatively compared (Table IV). Again,
the most significant increase in PWS was due to combined
longitudinal and in-plane displacement, resulting in an 11.4%
increase in the ATAA model and a 14.0% increase in the healthy
aorta.

[V. DiscuUssION

To the best of our knowledge, this is the first study to compre-
hensively examine the impacts of various types of aortic root
motion, including longitudinal and in-plane motion, as well
as rotation, on predicted WSS and wall stress simultaneously
using fully coupled two-way FSI simulations. These FSI models
incorporating prestress were applied to a patient with ATAA and
a healthy aorta.

There has been a growing interest in quantifying the 3D-
displacement and rotation of the aortic root [37], [42], which
could be essential for more accurate wall stress assessments.
In this study, due to the lack of patient-specific measurements,
the data reported in [37] were adopted: the mean peak longi-
tudinal displacement, in-plane displacement, and rotation angle
were 4.2 mm, 5.3 mm and 1.9 degrees, respectively, for ATAA
patients, and 5.2 mm, 5.0 mm, and 1.9 degrees for healthy
aortas. However, inconsistencies were noted between studies
[37] and [42], with study [42] reporting more significant mo-
tion, especially for rotation, with a peak angle of 11.8 degrees.
Nevertheless, the data from [37] were used since they provided
measurements for both healthy and aneurysmal aortas.

Recent FE studies have proposed PWS as a potential indicator
for predicting the risk of rupture in patients with ATAA [5], [6],
[71, 181, [9], [10]. Trabelsi et al [6], among the others, determined
the rupture stress experimentally through bulge inflation tests,
with values ranging from 760 kPa to 2330 kPa. However, the
PWS derived from their FE analysis was much lower than the
rupture stress. The underestimated wall stress could at least
be partially attributed to the neglect of aortic root motion in
the FE models. Introducing aortic root motion, specifically the
longitudinal displacement, into the FE models has been shown
to increase longitudinal stress by up to 150% in the ascending
aorta [11], [12], [13], [14], [15], [16]. In the present study,
applying longitudinal displacement, in-plane displacement and
the combination increased PWS by 1.4%, 5.5% and 11.4%,
respectively, in the ATAA model, and by 12.2%, 0.0% and 14.0%
in the healthy aorta. Additionally, applying rotation increased

PWS by 2.3% in the ATAA model but decreased it by 7.0%
in the healthy aorta. However, simulations combining both root
displacements and rotation were not performed. This decision
was made not only to avoid extra model complexity and potential
instability, but also to prevent nonlinear inlet motion, that could
introduce errors in the 3D-IVPs.

Our results showed moderate deviations in predicted PWS
with and without root motion, consistent with values (2% and
14% for two patients with aortic root dilatation) reported in [13].
However, it is evident that regions with elevated wall stress
significantly increased in the models incorporating aortic root
motion. [11], [12], [13], [14], [15], [16]. Therefore, we also
quantitatively compared the volumes of regions with elevated
wall stress, as represented by MPS. Incorporating longitudinal
displacement in the ATAA model led to a 14.5% increase in
the volume of regions with MPS > 250 kPa. Notably, in-plane
displacement had a more pronounced impact on wall stress
in the ATAA model, likely due to the combined effect of the
large left ventricular/aortic root angle and the highly curved
ascending aorta. Consequently, applying in-plane transverse
displacement also induced a substantial vertical movement of
the ascending aorta, increasing the regions with elevated wall
stress by 26.6%. In contrast, the healthy aorta presented with
a less curved and angulated ascending aorta, showed a larger
deviation (Table III) in the model with longitudinal displacement
than in-plane displacement. Nevertheless, in both models, the
largest deviation was observed with combined longitudinal and
in-plane displacement, where the 331% increase in the healthy
aorta was significantly greater than that observed in the ATAA
model (57.1%), probably due to the ATAA model’s stiffer wall
and more curved and larger ascending aorta. Moreover, even
with relatively small rotation angles (1.9 degrees) applied [37],
its impact was non-trivial, particularly in the ATAA model.

WSS, acting directly on the inner surface of the blood vessels,
has been reported to induce altered adaptive processes and
microstructural changes in the endothelial lining of the aorta,
contributing to the weakening of the aortic wall [39]. Recent
studies have used 4D-flow MRI for in vivo estimation of WSS
and identified potential associations of WSS with aortic growth
and dilatation [43], [44], [45], [46]. Furthermore, a recently
published work demonstrated significant correlations between
time-averaged WSS (TAWSS) and circulating biomarkers of in-
flammation (interleukin-6) and extracellular matrix remodeling,
suggesting a mechanistic link between altered hemodynamics
and aortic wall degeneration [47]. Despite these findings un-
derscore the importance of 4D flow-derived WSS in risk strat-
ification of patients with aortic dilation, it was acknowledged
that the relatively low spatial and temporal resolution of the
MRI technique could affect the accuracy of WSS measurements.
To overcome this limitation, patient-specific CFD analysis has
been combined with 4D-flow MRI to provide high-resolution
WSS estimation. Recent CFD studies on ATAAs have correlated
elevated WSS with local degradation of the aortic wall’s mechan-
ical properties [20], [21], [22], [23], [24], shedding some lights
on risk stratification in aneurysmal disease. However, these
studies assumed a rigid aortic wall, which has been shown to
influence WSS predictions [48]. By prescribing wall movement
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in a patient-specific CFD model of ATAA, Perinajova et al. [49]
showed that incorporating wall motion caused a mean difference
of 7.47% in TAWSS, with the most significant differences ob-
served in the ascending aorta. In the present study, TWASS was
also spatially averaged over the ascending aorta and compared
among FSI models with and without root motion, showing a
maximum deviation of 2.4% and 3% for the ATAA model and
healthy aorta, respectively.

No study in the literature has specifically assessed the sole
impact of aortic root motion on predicted hemodynamics. De-
spite the moving wall method has been applied to incorporate
the motion of both the aortic root and the aortic wall extracted
from multi-phase CT/MR images [26], [49], [50], it remains
unclear whether the observed differences in hemodynamics are
caused by root motion or wall motion. Schussnig et al. [39]
carried out a complex FSI study incorporating layer-specific
anisotropic properties of the aortic wall, a non-Newtonian blood
flow model, and aortic root motion (longitudinal displacement
and rotation) on a patient with type B aortic dissection. However,
their primary focus was on assessing the impact of wall materials
on hemodynamics, and the significance of aortic root motion was
not investigated.

In this study, although the spatial distributions of WSS were
comparable with and without aortic root motion, quantitative
comparisons revealed that incorporating root motion generally
increased regions with elevated WSS in the ascending aorta of
the ATAA model but reduced such regions in the aortic arch of
the healthy aorta. A key flow characteristic in the ATAA model
is the skewed central jet flow toward the outer curvature of the
aneurysm wall. This flow impingement on the wall could cause
an elevated WSS [20], [21], [22], [23], [24]. Our previous study
has highlighted the importance of using 3D-IVPs to capture such
characteristic in ATAA patients [51]. Therefore, we decided to
simplify the root motion curves (Fig 2(c)) by assuming a linear
profile, allowing the motion to be tracked and ensuring the co-
ordinates of 3D-IVPs to be corrected accordingly. Nevertheless,
since the results of interest were only compared at two specific
time points rather than throughout the entire cardiac cycle, the
impact of such assumption may be minimal.

Barker et al. proposed that co-localization of elevated WSS
and wall stress in the dilated ascending aorta might predict
catastrophic aortic events [52]. In the present study, regions
of elevated WSS and MPS were both underestimated in the
ATAA model without aortic root motion. In contrast to the ATAA
model, the impact of root motion on WSS in the ascending aorta
of the healthy aorta was negligible, likely due to the relatively
uniform distribution of low and moderate WSS.

A. Limitations

First, the current study was limited by its small sample size.
Our results suggested that morphological features of the as-
cending aorta, such as the ventricular/aortic root angle and the
curvature of the ascending aorta, could influence the impact of
aortic root motion on wall stress. Future studies should include a
larger variety of ATAA anatomical models to better assess these
effects. Second, patient-specific measurements of 3D aortic root

displacements and rotations were not available and mean values
for ATAA and healthy aorta along with a linear profile were
adopted in our FSI simulations [37], [42], which could be
integrated into our established FSI models. Previous studies have
shown that aortic root motion is non-linear with a much smoother
curve [53], [54]. Taking non-linear motion into consideration
would necessitate auto-correction algorithms to adjust for inflow
variation resulting from inlet location movements. Third, differ-
ent imaging data were used to reconstruct the geometric models
of the ATAA and healthy aorta due to availability. Despite the
relatively low resolution of the 4D-flow MRI, it was sufficient
to capture all the key features of the healthy aorta. Moreover, in-
stead of directly comparing the simulation results between these
two models, comparisons were made using the same geometric
model but with varying boundary conditions. Fourth, the two
fiber families in the anisotropic material model were assumed to
align with the global coordinates. Aligning fibers locally would
require defining local coordinate at each mesh node, leading to
a significant increase in computational cost, which would not
be feasible for the current study involving 10 FSI simulations.
Additionally, since no specific thresholds have been reported in
the literature to define ‘elevated’ wall stress, MPS > 250 kPa
was selected as wall stress in healthy aortas is typically below
this value [51], [55]. Similarly, normal physiological WSS in
larger arteries ranges from 1 to 7 Pa [41], hence, elevated WSS
regions in the healthy aorta were defined as WSS > 7 Pa. For
the ATAA model, a much higher threshold of 20 Pa was selected
for clearer visualization of differences across different models.
We also tested various thresholds, such as 200 kPa for MPS or
7 Pa for WSS in the ATAA model and found no change in the
quantitative trend. Finally, despite prestress being incorporated
into our FSI simulations, the effect of longitudinal pre-stretch
was neglected. which has been reported to significantly influence
wall stress in young patients [56]. Its impact will be examined
in our future studies.

V. CONCLSUIONS

This study represents the first comprehensive investigation of
the impacts of various types of aortic root motion, including
longitudinal, in-plane displacement, and rotation, on wall stress
and WSS using fully coupled two-way FSI simulations. Our FSI
models, incorporating prestress, and patient-specific 3D inlet
velocity profiles were applied to both an ATAA patient and a
healthy aorta.

The results demonstrated that incorporating aortic root mo-
tion could strongly influence wall stress and WSS predictions.
Specifically, combined longitudinal and in-plane displacement
had the most pronounced effect on wall stress in both the ATAA
model and the healthy aorta, leading to substantial increases in
the volume of regions with elevated MPS by 57.1% and 331%,
respectively. Notably, in the ATAA model, in-plane motion
alone caused a 26.6% increase in the volume of elevated MPS,
compared to a 14.5% increase from longitudinal displacement.
Conversely, in the healthy aorta, longitudinal motion solely
led to a 136% increase in the volume of elevated MPS, while
in-plane displacement resulted in a 36.8% increase. The distinct
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differences in biomechanical responses between the two models
could be attributed to their anatomical features and different
mechanical properties. Regarding WSS, applying root motion
increased the area of extremely high WSS (>20 Pa) regions in
the ascending aorta of the ATAA model by 20.5%, while in the
healthy aorta, the area of regions with elevated WSS (>7 Pa)
was reduced by 13.4%, primarily in the aortic arch.

These findings highlight the importance of incorporating
aortic root motion into computational models to improve the
accuracy of WSS and wall stress predictions, which are crucial
for patient-specific risk stratifications of ATAA patients. Future
studies will involve larger ATAA cohorts with greater anatom-
ical variations, together with the implementation of actual root
motion.
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