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Abstract: Computational modeling methods have been increasingly employed to
quantify aortic hemodynamic parameters that are challenging to in vivo measure-
ments but important for the diagnosis/treatment of aortic disease. Although the
presence of turbulence-like behaviors of blood flow in normal or diseased aorta
has long been confirmed, the majority of existing computational model studies
adopted the laminar flow assumption (LFA) in the treatment of sub-grid flow vari-
ables. So far, it remains unclear whether LFAwould significantly compromise the
reliability of hemodynamic simulation. In the present study, we addressed the
issue in the context of a specific aortopathy, namely aortic dilation, which is
usually accompanied by disturbed flow patterns. Three patient-specific aortas with
treated/untreated dilation of the ascending segment were investigated, and their
geometrical models were reconstructed from computed tomography angiographic
images, with the boundary conditions being prescribed based on flow velocity
information measured in vivo with the phase contrast magnetic resonance imaging
technique. For the modeling of blood flow, apart from the traditional LFA-based
method in which sub-grid flow dynamics is ignored, the large eddy simulation
(LES) method capable of incorporating the dissipative energy loss induced by tur-
bulent eddies at the sub-grid level, was adopted and taken as a reference for exam-
ining the performance of the LFA-based method. Obtained results showed that the
simulated large-scale flow patterns with the two methods had high similarity, both
agreeing well with in vivo measurements, although locally large between-method
discrepancies in computed hemodynamic quantities existed in regions with high
intensity of flow turbulence. Quantitatively, a switch from the LES to the LFA-
based modeling method led to mild (<6%) changes in computed space-averaged
wall shear stress metrics (i.e., SA-TAWSS, SA-OSI) in the ascending aortic seg-
ment where intensive vortex evolution accompanied by high statistical Reynolds
stress was observed. In addition, comparisons among the three aortas revealed that
the treatment status of aortic dilation or the concomitant presence of aortic valve
disease, despite its remarkable influence on flow patterns in the ascending aortic
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segment, did not significantly affect the degrees of discrepancies between the two
modeling methods in predicting SA-TAWSS and SA-OSI. These findings suggest
that aortic dilation per se does not induce strong flow turbulence that substantially
negates the validity of LFA-based modeling, especially in simulating macro-scale
hemodynamic features.

Keywords: Blood flow; aortic dilation; computational modeling; turbulence;
laminar flow assumption; large eddy simulation

1 Introduction

Aortic dilation is a common aortopathy that affects millions of people worldwide. Untreated aortic
dilation may develop into aortic aneurysm, dissection or even lead to sudden rupture [1,2]. The natural
history of an aorta with untreated dilation is complex and often exhibits highly patient-specific patterns
[3,4]. In clinical practice, geometrical metrics are generally adopted as the standard indicator for risk
stratification and decision making. On the other hand, hemodynamic parameters, which are closely
associated with endothelial function and vascular pathophysiology [5,6], have been suggested to play
potential roles in the pathogenesis and progression of aortic dilation [7]. In this sense, evaluating the
characteristics of hemodynamics in dilated aortas may yield additional information of potential value for
improving the diagnosis and treatment of aortic dilation.

Medical imaging techniques have been widely used to measure aortic geometry or hemodynamics in
patients with aortic dilation, aortic valve anomalies or other aortopathies [3,8]. For instance, computed
tomography angiography (CTA) scanning is routinely performed to determine the location and severity of
aortic dilation [8]. It however lacks the ability to measure hemodynamic variables. This insufficiency can
be remedied by phase contrast magnetic resonance imaging (PC-MRI), a technique capable of measuring
flow velocities in any cross section of aorta [3]. Nevertheless, in vivo hemodynamic measurements
generally lack a high level of temporal and spatial resolutions required for quantitative applications,
especially the analysis of wall shear stress and its derivatives. In this context, computational modeling
methods have been widely applied as a complement to in vivo measurements to gain high-precision
hemodynamic information in aortas [9–12]. Despite the inherent advantages of computational modeling
methods with respect to the precision and level of detail in hemodynamic quantification, the reliability of
a computational model in reproducing in vivo hemodynamics is subjected to the influences of many
factors involved in model setup [13]. For instance, it has been found that imposing idealized flow
velocity profiles at the inlets of patient-specific aortic models causes significant deviations of model
outputs from real in vivo hemodynamic conditions [14–16], which highlights the importance of patient-
specifically prescribing model boundary conditions. Another important issue is relevant to the assumption
on flow regimes (i.e., laminar, transitional, and turbulent flows) and the corresponding selection of fluid
dynamics modeling method. Although laminar flow assumption is usually considered to be valid for
blood flow in human arteries [17–21], and has been widely adopted in computational studies on aortic
blood flow as well [14,16,22,23], in vivo studies have revealed the presence of flow turbulence in the
ascending aortas of patients with aortic valve disease and highly unstable flow patterns in the aortas of
healthy subjects [24,25]. In this sense, assuming blood flow to be strictly laminar might be problematic,
especially in consideration of the increased flow complexity and disturbances associated with aortic
dilation or concomitant aortic valve abnormalities [7,26,27]. To date, little is known about how the
adoption of laminar flow assumption (LFA) in computational modeling of blood flow in dilated aortas
would affect the outcome of numerical simulation.

To address the issue, we tested two fluid dynamics modeling methods on three aortas with treated or
untreated dilation in the ascending aortic segment, namely the LFA-based method that has been widely
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employed in previous studies, and the large eddy simulation (LES) method that has been proved capable of
accounting for the evolution of a large range of turbulence eddies at a reasonable computational cost [28–31].
In order to compare the two modeling methods under physiologically realistic hemodynamic conditions, we
reconstructed the geometrical model of each aorta from CTA images and prescribed the boundary conditions
in a fully patient-specific way based on in vivo flow velocity information acquired by PC-MRI. The
numerical results obtained by the two modeling methods were compared in terms of both large-scale flow
patterns and local hemodynamic quantities. In addition, four-dimensional magnetic resonance imaging
(4D-MRI) data of in vivo aortic blood flow were acquired and used as a reference for validating the
results of numerical simulations.

2 Materials and Methods

2.1 Acquisition of Clinical Data
In this retrospective study, three patients diagnosed to have pathological dilation in the ascending aortic

segment were enrolled, and, among them, two patients (i.e., patients #1 and #2) have not been treated,
whereas one patient (patient #3) has undergone the David procedure to replace the severely dilated aortic
segment with an artificial vessel. The ethics committee granted us exempt status for the use of the
anonymized clinical data in this retrospective study. The main geometrical/hemodynamic parameters
(derived from CTA or PC-MRI data) of the aortas and the pathophysiological states (determined by
echocardiography) of the aortic valves are summarized in Tab. 1. From the data presented in Tab. 1, the
three aortas differ evidently in terms of both geometry (e.g., maximum diameter) and hemodynamic state
(e.g., mean and peak Reynolds numbers). CTA images of the aortas were acquired using a 64-channel
multi-detector CT scanner (Philips Healthcare, The Netherlands) with standard techniques (slice
thickness: 0.4 mm, in-plane spatial resolution: 512 × 512 pixels). Blood flow velocity quantities at the
aortic inlet and in the cross-sections of main branch arteries were measured with a 3T MR scanner
(Philips Healthcare, The Netherlands) operated in a PC-MRI sequence mode. Moreover, volumetric flow
velocity information in the entire aorta was also measured using the flow-sensitive 4D-MRI technique to
allow visualization of 3D flow patterns (the data were herein postprocessed with a validated software
package (cmr42, Circle Cardiovascular Imaging Inc., Calgary, Alberta, Canada) [32]).

Table 1: Main geometrical and hemodynamic parameters of the aortas and pathophysiological states of the
aortic valves in three patients

Patient #1 Patient #2 Patient #3

Aortic disease Mid-ascending aortic
dilation

Mid-ascending aortic
dilation

Mid-ascending aortic
dilation

Status of treatment Pre Pre Post

Morphotype of aortic valve RL-BAV TAV TAV

Aortic valve stenosis Severe None None

Aortic valve regurgitation Moderate Mild Mild

Maximum diameter of aorta (mm) 45 52 30

Diameter of aortic inlet (mm) 38 38 28

Mean Re at aortic inlet 521 922 1688

Peak Re at aortic inlet 3257 4342 8000

Wo at aortic inlet 27.86 24.96 21.96
Abbreviations: BAV, bicuspid aortic valve; RL, right-left fusion; TAV, tricuspid aortic valve; Re, Reynolds number; Wo, Womersley number.
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2.2 Model Reconstruction and Mesh Generation
The CTA images acquired from each patient were imported into Mimics 15.0 (Materialise, Belgium) to

perform image segmentation and reconstruct a geometrical model for the aorta and its main branch arteries
(see Fig. 1a). The reconstructed geometrical model was further read into ICEM 15.0 to generate a high-
resolution mesh model with a hybrid meshing strategy, where the core region of fluid domain was
divided by tetrahedral elements while the near-wall region by prism elements [12,33,34]. Allowing for
the fact that a LES model generally requires higher mesh resolution than does a laminar model, we
determined the minimum size of tetrahedral element and the thickness of prism-element layer based on

Figure 1: Geometrical models of aortas reconstructed from CTA images acquired from three patients with
treated/untreated aortic dilation (a), and waveforms of volumetric flow rate, in-plane mean/maximum flow
velocity as well as spatial distribution of flow velocity (at peak systole) at the model inlets derived from
PC-MRI data (b)
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the requirements of LES and performed grid independent analyses accordingly. With a minimum tetrahedral
element size of 0.4 mm, our grid independent tests on the aortas of the three patients showed that further
reducing the element sizes by 20% led to less than 0.5% changes in computed space-averaged wall shear
stress and oscillatory shear index, indicating that the adopted mesh density is high enough to enable
convergence of numerical solutions. As for the size of prism element, the thickness of the initial (i.e.,
closest to wall) layer was set to 30 μm, which was not only much smaller than the minimum size of
interior tetrahedral element, but also small enough to ensure that the dimensionless wall distance y+ is
always less than 1.0 in all the near-wall regions. As a consequence, the mesh models of the three aortas
contained 5592372, 7061034 and 6561363 elements, respectively.

2.3 Modeling of Blood Flow
Blood was assumed to be a homogeneous, incompressible fluid, with its density being set to 1060 kg/m3.

In consideration of the non-Newtonian rheology of blood, the shear-dependent variation in blood viscosity was
represented with the Carreau model [35]. Blood flow was governed by the unsteady Navier-Stokes (N-S)
equations. Although the N-S equations are, by definition, independent of flow regime, when they are
discretized and numerically solved on a mesh model with finite element size, the ways of treating sub-grid
flow variables would differ depending on the state of flow. If blood flow is in a strictly laminar state, flow
variables can be assumed to distribute homogeneously within each individual element, in other words, sub-
grid flow dynamics can be ignored; whereas if blood flow is turbulent, the presence of turbulent eddies
smaller in scale than model element (i.e., sub-grid eddies) may induce considerable dissipative energy loss
that should be incorporated into the solution of the large-scale (or grid-resolved) flow field. One approach to
solving this problem is to keep refining the mesh model until the element size is smaller than the scales of
all turbulent eddies, such as direct numerical simulation (DNS), which however often incurs unaffordable
high computational cost, especially when dealing with models with complex geometry. A more practical
way is to introduce sub-grid models capable of accounting for the contribution of sub-grid eddies whilst
demanding much less computational effort compared with DNS [30,36].

In the present study, two fluid dynamics modeling methods were adopted and compared since flow
regimes in the aortas are unknown. One was the laminar flow assumption (LFA)-based method that has
been most commonly adopted by studies on arterial hemodynamics in the literature. Herein, the LFA-
based method means that inhomogeneous flow dynamics and associated viscous energy loss at the sub-
grid level are ignored when discretizing and solving the N-S equations on a mesh model, leaving the flow
field to be represented by grid-resolved flow variables. The other one was the large eddy simulation
(LES) method, which, by separating flow velocity (ui) into a grid-resolved component (�ui) and a sub-grid
component (u

0
i), enables the introduction of a sub-grid model to represent the energy loss associated with

sub-grid eddies while solving the grid-resolved flow field [37,38], and hence can partly compensate for
the deficiency of the LFA-based method. With the separation of flow velocity, the classical N-S equations
were rewritten as

@�ui
@xi

¼ 0; (1)

@�ui
@t

þ �uj
@�ui
@xj

¼ � 1

q
@�p

@xi
þ @

@xj
v
@�ui
@xj

� �
þ 1

q
@sij
@xj

; (2)

where sij is the sub-grid stress tensor that accounts for the dissipative effect of intra-element eddies.

In order to quantify the intensity of flow turbulence, we introduced the turbulent eddy viscosity (mt) and
statistical Reynolds stress (Ruu) [39,40], which were defined respectively as
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mt ¼ sij � dij
3
skk

� �
= �2�Sij
� �

; (3)

Ruu ¼ u
0
iu

0
i: (4)

Here, dij is the Kronecker symbol and �Sij the strain rate tensor of the grid-resolved velocity field
(i; j; k = 1, 2, 3). A more detailed description of the LES method has been reported in our previous study [12].

2.4 Boundary Conditions, Numerical Methods and Data Analysis
Time-varying flow velocity information extracted from patient-specific PC-MRI data was imposed at the

inlet and outlets of each mesh model (see [12,41] for details on the methods of data extraction and image-to-
model data projection). From Fig. 1b, flow conditions at the aortic inlet differ significantly among patients in
terms of volumetric flow rate, mean flow velocity and in-plane velocity distribution, demonstrating the
importance of patient-specifically prescribing boundary conditions. Fig. 2 shows the volumetric flow rate
waveforms imposed at the inlet and outlets of the aortic model of a patient (i.e., patient #1). The
magnitudes of the flow waveforms differ remarkably, reflecting the physiological flow division towards
organs/tissues along the aorta. A free outflow boundary condition was prescribed at the outlet of the
descending aorta to tolerate the phase and flow rate differences between aortic inflow and outflows
through the branch arteries. In addition, all vascular walls were assumed to be rigid to which the non-slip
boundary condition was imposed. For each model, the same set of boundary conditions was used despite
the change in fluid dynamics modeling method.

Numerical simulations were implemented in a finite volume method-based commercial CFD package
(ANSYS CFX 15). It is noted that for each aorta the governing equation systems corresponding to the
LFA-based and LES modeling methods were solved on the same mesh model so as to minimize the
influence of mesh-related numerical errors on between-method comparisons. Second-order upwind
scheme and backward Euler scheme were adopted for spatial discretization of the convective term and
time integration of the discretized equations, respectively. The numerical time step was fixed at 0.1 ms.
At each time step, convergence of numerical solution was judged when the root mean-square residuals of
the mass and momentum conservation equations all went below 10−5. Each set of numerical simulation
was continuously run for five cardiac cycles so that the solution could converge to a periodic one.
Accordingly, numerical results obtained in the last (i.e., fifth) cardiac cycle were analyzed and reported.

Figure 2: PC-MRI data-derived volumetric flow rate waveforms at the inlet (i.e., AAo) and outlets (i.e., BCA,
LCCA, LSA, DAo) of the aorta model of patient #1. Abbreviations: AAo, ascending aorta; BCA,
brachiocephalic artery; LCCA, left common carotid artery; LSA, left subclavian artery; DAo, descending aorta
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All the numerical simulations were run on a Dell workstation (Precision T5610), taking about 48 and 85
hours on average for solving the laminar and LES models, respectively.

Analyses of numerical results were focused on flow velocity field, intensity of flow turbulence, as well as
wall shear stress (WSS) and its derivatives that have been previously demonstrated to be associated with the
pathogenesis of aortic disease, such as time-averaged wall shear stress (TAWSS) and oscillatory shear index
(OSI) [3,42]. In order to gain an overall evaluation of WSS parameters in regions of interest (e.g., the
ascending aortic segment), the model-predicted local TAWSS/OSI at each wall element was further
spatially averaged (herein noted by SA-TAWSS/SA-OSI). Moreover, since we hypothesize that the LES
method is more suitable than the LFA method for simulating aortic blood flow with potential turbulence,
numerical results obtained with the LES method were set as the reference for evaluating the ‘errors’ of
hemodynamic computation resulting from laminar flow assumption.

3 Results

3.1 Comparisons of Numerical Results with in vivo Measurements
Fig. 3 shows the model-simulated (with the LES and LFA methods) flow streamlines at peak systole

(i.e., at the moment of peak flow velocity) in the aortas of three patients and their in vivo counterparts

Figure 3: 4D-MRI-visualized flow streamlines (at the moment of peak systole) in the aortas of three patients
(left panel) compared with those simulated by the CFD models established based on LES (middle panel) and
LFA (right panel), respectively
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obtained by 4D-MRI visualizations. The large-scale flow patterns (such as local concentration of high flow
velocity, distribution of vortex) depicted by the numerical results and 4D-MRI data were in overall good
agreement. Taking the aorta of patient #1 as an example, swirling flows directed from the aortic root
toward the descending aorta accompanied by concentrated high flow velocities in the anterior region of
the ascending aorta were detected by both the numerical simulation and in vivo measurement (see
Fig. 3a). These results indicate that CFD models can reasonably reproduce in vivo hemodynamic
characteristics if fully patient-specific geometrical model and boundary conditions are adopted. On the
other hand, considerable discrepancies between model-simulated and measured flow fields were observed
in some local regions, especially in the descending aortic segment. The discrepancies may be attributed to
the introduction of assumptions/simplifications during model construction. For instance, the rigid-wall
assumption rendered the models unable to represent the deformation of aortic wall and associated
variation and phase change of flow waveform along the aorta that remarkably affect local flow patterns.
In addition, the limited spatio-temporal resolutions of 4D-MRI measurement may also introduce errors
into the visualized transient flow patterns, thereby contributing partly to the observed discrepancies
between model simulations and in vivo measurements.

When the numerical results obtained by the LES and LFA methods were compared, the large-scale flow
features were highly similar, although considerable discrepancies in flow velocity were observed in some
local regions, such as in the ascending aortic segment where blood flow was highly disturbed.

3.2 Comparison of Transient Hemodynamic Quantities Computed with the LES and LFA Methods
Fig. 4 shows the comparison between the LES and LFA methods with respect to the simulated

distributions of flow velocity and turbulent eddy viscosity in a longitudinal cutting plane of the ascending
aorta of patient #1. Herein, the numerical results are visualized in form of snapshots at three typical time
instants during a cardiac cycle (i.e., t1 in the acceleration phase, t2 at peak systole, and t3 in the
deceleration phase). The between-method differences were obtained by subtracting the results obtained by
the LES method from those by the LFA method. The overall characteristics of flow velocity distribution
predicted by the two modeling methods were in good agreement despite the presence of detectable local
velocity differences that changed with time and became especially pronounced in the deceleration phase
(t3). The turbulent eddy viscosity (predicted by the LES model) tended to increase following the
deceleration of blood flow, corresponding to the enlarged between-method differences in computed flow
velocities at t3.

Figs. 5 and 6 further show the comparisons of the simulated distributions of transient WSS in the three
aortas with the two modeling methods. Similar to the observations for flow velocity, the most pronounced
between-method differences appeared in the ascending aortic segment in the deceleration phase, although
the degree of difference differed considerably among aortas, being largest for the aorta of patient #1 (see
Fig. 5) while relatively small for the aortas of patients #2 and #3 (see Fig. 6).

3.3 Comparisons of WSS Metrics Computed with the LES and LFA Methods
Numerical results obtained by the LES and LFA modeling methods were further compared with respect

to two WSS metrics, namely, TAWSS and OSI. From the contours of TAWSS presented in Fig. 7, the
between-method difference in simulated TAWSS differed in terms of both magnitude and spatial
distribution among aortas. For instance, large TAWSS differences were limited to the ascending aorta of
patient #1, but distributed over the entire aorta of patient #3. Relatively, the magnitude of between-
method difference was much smaller in the aorta of patient #2. These phenomena were also confirmed by
comparing the values of TAWSS along a curve at the front wall of aorta. With regard to OSI, the
between-method difference was comparable in magnitude among the three aortas (see Fig. 8). Basically,
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large between-method differences appeared mainly in the ascending aortic segment for all the three aortas, as
could also be observed from the plots of OSI along the front wall of aorta.

The space-averaged TAWSS and OSI in the ascending aorta of each patient (i.e., SA-TAWSS, SA-OSI)
presented in Fig. 9 indicate that the choice of fluid dynamics modeling method had small influence (less than
6%) on both SA-TAWSS and SA-OSI, although the exact changes caused by the switch of the LES method to
the LFA method differed among aortas.

To further explore mechanisms underlying the observed between-method differences in computed flow
velocity and WSS, we further plot the time-averaged (over a cardiac cycle) vortex structures in form of iso-
surface of Lambda 2 (at a level value of 0.05) colored by the statistical Reynolds stress in Fig. 10. Complex
vortex structures accompanied by high statistical Reynolds stress were present mainly in the ascending aortic
segment, which corresponds well with the overall larger between-method differences in computed
hemodynamic quantities in this region than those in the descending aortic segment. However, the spatial

Figure 4: Comparisons of the simulated flow patterns (presented in form of filled velocity contours in a
longitudinal cutting plane at three selected time instants (i.e., t1, t2 and t3 in the acceleration phase, at
peak systole, and in the deceleration phase, respectively) during a cardiac cycle) in the aorta of patient #1
with the LES and LFA methods. The visualized data of between-method difference have been calculated
by subtracting the numerical results obtained by the LES method from those obtained by the LFA
method. The color maps of eddy viscosity (shown in the rightmost panel) indicate the time-varying
intensity and distribution of flow turbulence predicted by the LES model
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distribution of strong vortex or high statistical Reynolds stress differed considerably among aortas, indicating
the highly aorta-specific characteristics.

4 Discussion

The main purpose of the present study was to investigate how the selection of fluid dynamics modeling
method would affect the outcome of numerical simulation of blood flow in aorta with untreated or treated
dilation. The utilization of patient-specific aortic geometry (reconstructed from CTA images) and
prescription of boundary conditions based strictly on in vivo measurements (by PC-MRI) enabled the
resulting models to reasonably reproduce 4D-MRI-visualized in vivo flow patterns, thus yielding a
physiologically realistic numerical platform for testing different fluid dynamics modeling methods. In
addition, although the three patients enrolled in the present study all had aortic dilation, the differential
combinations of treatment status of aortic dilation and aortic valve function made them representative of
different patient cohorts. For instance, patient #1 had untreated aortic dilation combined with abnormal
aortic valve function featured by a BAV morphotype and severe stenosis, whereas patient #2 only
suffered from the pathological condition related to aortic dilation, and thus they can represent two typical
cohorts of patients with aortic dilation but differential aortic valve functions. Patient #3, however, had a
close to normal aortic valve function and aortic morphology after David procedure, and can represent
patients without aortic dilation and aortic valve disease. The presence of strong swirling flow in the
ascending aortic segment and elevated WSS at the anterior wall was predicted for both of the dilated
aortas (of patients #1 and #2), although the degree of WSS elevation was higher and the wall area

Figure 5: Comparisons of the LES and LFA methods with respect to the simulated distribution of transient
WSS (at three time instants during a cardiac cycle as noted in Fig. 4) in the aorta of patient #1
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exposed to high WSS was larger in the aorta of patient #1 (with stenosed RL-BAV) compared with those in
the aorta of patient #2 (with non-stenotic TAV), which is consistent with previous findings regarding the
respective/combined effects of aortic dilation and BAV on the characteristics of aortic blood flow and
WSS distribution [3,4,7,9,43–45]. In contrast, there was no evident swirling flow and focal elevation of
WSS in the ascending aortic segment of the aorta of patient #3, which indicated the remarkable
differences between flow patterns in normal and dilated aortas. Main findings with respect to the effects
of fluid dynamics modeling methods on the outcome of hemodynamic simulation include: 1) large-scale
hemodynamic features (e.g., vortex structure, WSS distribution) simulated with the LES method and LFA
method were highly similar, with the between-method differences in computed SA-TAWSS and SA-OSI
in the ascending aortic segment being less than 6%; 2) relatively large between-method differences in
hemodynamic prediction were more likely to appear in the ascending aortic segment and became more
pronounced in the deceleration phase; and 3) between-method differences in computed hemodynamic
quantities varied considerably among aortas in terms of magnitude and spatial distribution.

The first finding indicates that adopting the laminar flow assumption in the modeling of aortic blood flow
would not cause the simulated large-scale flow patterns to deviate significantly from those obtained with the
LES method that is expected to better account for potential flow turbulence, although differences between
hemodynamic quantities computed with the two methods were detectable, especially in regions where the
intensity of turbulence was high (indicated by the high value of turbulent eddy viscosity or statistical

Figure 6: Comparisons of the LES and LFA methods with respect to the simulated distributions of transient
WSS in the aortas of patient #2 and patient #3
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Reynolds stress). In another word, the occurrence of flow turbulence in the aortas did not significantly alter
the large-scale flow patterns. In comparison with the selection of fluid dynamics modeling method, the
prescription of boundary conditions for an aortic model may have greater influence on the outcome of
numerical simulation. For instance, it has been found that imposing an idealized flow velocity profile
instead of the realistic one (measured by PC-MRI) at the aortic inlet may cause the predicted TAWSS in
the ascending aorta to change by up to 80% [14–16], a value much larger than the predicted changes
(<6%) in TAWSS due to the switch of the LES method to the LFA method. In addition, given the higher
computational cost of turbulent modeling method (e.g., the computation time required by the LES method
was about twice of that by the LFA method), the LFA method may be more practical in consideration of
the balance between cost and benefit. In this sense, whether flow turbulence should be well treated is a
less important issue in patient-specific modeling of aortic blood flow, at least for normal or dilated aortas.
However, under some specific pathological conditions, such as in the presence of severe aortic stenosis,
the occurrence of strong flow turbulence in the post-stenosis region may largely compromise the validity
of laminar flow assumption [28,31], and in such cases the use of turbulence modeling methods would be
more worthy of recommendation.

The second and third findings point to the considerable dependence of between-method differences in
numerical results on aorta-specific hemodynamic conditions. Theoretically, flow patterns in an aorta are co-
determined by multiple factors, such as the morphology of aorta, upstream/downstream flow conditions, and
flow pulsation. The three aortas investigated in the present study differ significantly not only in morphology
but also in flow conditions at the aortic inlet, which can account for the marked inter-aorta differences in
simulated flow patterns. For each individual aorta, the ascending aortic segment is usually more
susceptible than the descending segment to flow disturbance due to the effects of complex inflow from

Figure 7: Comparisons of the LES and LFA methods with respect to the simulated distributions of TAWSS
in the aortas of three patients. TAWSSs at selected locations (indicated by the filled circles) along the front
wall of each aorta are plotted in the rightmost panel to give a clearer quantitative comparison
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the heart and aortic valve and the high vascular tortuosity [16,22,23,46], which may explain the finding of the
present study that high intensity of flow turbulence and intensive vortex evolution appeared mainly in the
ascending aortic segment. On the other hand, the highly patient-specific aortic morphology and aortic
valve function caused the intensity of flow turbulence in the ascending aortic segment to differ
significantly among the three patients, consequently leading to differential degrees of between-method

Figure 8: Comparisons of the LES and LFA methods with respect to the simulated distributions of OSI in
the aortas of three patients. OSIs at selected locations (indicated by the filled circles) along the front wall of
each aorta are plotted in the rightmost panel to give a clearer quantitative comparison

Figure 9: Comparisons of the LES and LFA methods with respect to the simulated space-averaged TAWSS
(SA-TAWSS) (a) and OSI (SA-OSI) (b) in the ascending aortic segments (highlighted by blue in the
geometrical models) of the three aortas. The numbers shown in each sub-figure indicate the percent
changes of the LFA method-obtained results relative to those obtained by the LES method
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differences in computed hemodynamic quantities. It has been reported that the morphotype of aortic valve
has remarkable influence on blood flow patterns in the ascending aorta, and that BAV represents a typical
valve morphotype associated with aortic flow abnormalities [9,43–45,47,48]. Similarly, our study showed
that the stenosed BAV in patient #1 caused the distribution of high-speed flows at the aortic inlet to be
more concentrated and asymmetric (see Fig. 1b), which may have considerably increased the disturbance
of flow to promote laminar to turbulent transition in the ascending aorta (indicated by high turbulent eddy
viscosity and statistical Reynolds stress), consequently leading to larger deviations of hemodynamic
quantities computed with the LFA method from those with the LES method in patient #1 than in patient
#2 whose aortic valve is of a normal tricuspid morphotype and free of stenosis. Interestingly, despite the
close to normal aortic morphology and aortic valve function in patient #3, the between-method
differences in SA-TAWSS and SA-OSI in the ascending aortic segment were largest among the three
patients (see Fig. 9). A major causative factor for this phenomenon is the higher Reynolds number in the
aorta of patient #3 than in the aortas of patients #1 and #2 (see Tab. 1). These findings suggest that a

Figure 10: Vortex structures represented by iso-surfaces of time-averaged (over a cardiac cycle) Lambda-2
at a level value of 0.05 colored by the statistical Reynolds stress in the aortas of three patients
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variety of patient-specific factors are involved in determining the intensity and distribution of flow turbulence
in the aorta, and that aortic dilation per se does not significantly elevate the level of flow turbulence to
necessitate the adoption of turbulence modeling method, although coexistence of aortic valve disease may
augment flow turbulence according to our study and previous relevant studies [25,44].

The present study is subject to several limitations related to the choices of aorta for investigation and
modeling methods for test. First, we investigated the sensitivities of computed hemodynamic quantities to
the selection of fluid dynamic modeling method in only three aortas with untreated/treated dilation. The
small number of aortas might render the findings rather aorta-specific than universally applicable to aortas
with different types and severities of dilation and/or aortic valve abnormality. In particular, it remains
unclear whether the findings would be applicable to aortas suffering from other aortopathies (e.g., aortic
stenosis, aneurysm or dissection) that affect the characteristics of aortic flow in different ways
[28,31,49,50]. Second, the LES method, despite the well proved performance in simulating arterial blood
flow with potential turbulence, cannot resolve all scales of turbulent eddies due to the limited spatio-
temporal resolution [28,30,31]. At this point, direct numerical simulation may be a more advanced
approach, but it is immensely expensive in terms of computational cost [51,52] and could hardly be
applied to deal with blood flows in anatomically realistic aortic models, such as those addressed in the
present study. Third, aortic walls were assumed to be rigid in the study, which rendered the models
unable to account for the effects of aortic wall deformation on intra-aortic flow patterns. Physiologically,
aortic walls deform dynamically over a cardiac cycle in response to the pulsation of blood pressure
[53,54]. Previous studies on aortic blood flow have demonstrated that ignoring the deformation of aortic
wall leads to considerable overestimate of WSS [55–56], but its effects on flow turbulence remain unclear
and would deserve further investigations.

5 Conclusions

Blood flows in three patient-specific aortas with untreated/treated dilation were numerically studied with
the LFA-based and LES modeling methods, respectively. It was found that the simulated flow patterns with
the two modeling methods were of high similarity despite the widely-distributed local discrepancies in
computed hemodynamic quantities. Quantitatively, the predicted space-averaged WSS metrics in the
ascending aortic segment with the two methods differed by less than 6% in all the three aortas. These
findings suggest that for aortas with dilation, modeling blood flow based on laminar flow assumption is,
in general, acceptable if large-scale flow features are of major interest.
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