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Workflow Comparison for
Combined 4D MRI/CFD
Patient-Specific Cardiovascular
Flow Simulations of the
Thoracic Aorta
Computational fluid dynamics (CFD) has been widely used to predict and understand
cardiovascular flows. However, the accuracy of CFD predictions depends on faithful
reconstruction of patient vascular anatomy and accurate patient-specific inlet and outlet
boundary conditions. 4-Dimensional magnetic resonance imaging (4D MRI) can provide
patient-specific data to obtain the required geometry and time-dependent flow boundary
conditions for CFD simulations, and can further be used to validate CFD predictions.
This work presents a framework to combine both spatiotemporal 4D MRI data and patient
monitoring data with CFD simulation workflows. To assist practitioners, all aspects of the
modeling workflow, from geometry reconstruction to results postprocessing, are
illustrated and compared using three software packages (ANSYS, COMSOL, SIMVASCULAR) to
predict hemodynamics in the thoracic aorta. A sensitivity analysis with respect to inlet
boundary condition is presented. Results highlight the importance of 4D MRI data for
improving the accuracy of flow predictions on the ascending aorta and the aortic arch. In
contrast, simulation results for the descending aorta are less sensitive to the patient-
specific inlet boundary conditions. [DOI: 10.1115/1.4057047]

1 Introduction

Approximately, 10 out of every 100,000 people are affected by
ascending thoracic aortic aneurysms (ATAA) each year, putting
them in danger of aortic dissection or rupture [1]. Several studies
have hypothesized that hemodynamic forces, particularly wall
shear stress (WSS), play a pivotal role in the appearance and
progress of aortic dilation, leading to more severe conditions such
as aortic aneurysms, aortic rupture, and aortic dissection [2,3]. As
a result, the quantification of WSS, as one of the potential
biomarkers of the mentioned diseases, is potential of great clinical
relevance.
In this regard, both 4D magnetic resonance imaging (4D MRI)

and computational fluid dynamics (CFD) can non-invasively
provide insight into blood velocity, streamlines, and resulting
WSS in the cardiovascular system [4–10]. However, there are
significant differences between these methods in terms of their
spatiotemporal resolution, applicability in pre-operative surgical
planning, and support for fully describing the biomechanical
environment in cardiovascular applications. First, the low spatio-
temporal resolution of 4D MRI in some parts of the cardiovascular

system, and the presence of noise-like phase errors, negatively
impact measurement accuracy and may affect the validity of 4D
MRI results [2]. On the other end of the spectrum, patient-specific
CFD simulation, by solving the mass (continuity) and momentum
(Navier–Stokes) equations, can offer a higher spatial and temporal
resolution than 4D MRI [4]. Second, 4D MRI can only offer
instantaneous hemodynamic parameters for a given patient and
cannot be used to evaluate different repair and treatment strategies
that may require anatomic modifications made surgically [11].
Using CFD, on the other hand, surgeons can change the patient’s
anatomy virtually, and compare various repair strategies based on
the hemodynamic changes they produce. Consequently, CFD is
still the main research approach for in-silico modeling of
cardiovascular flow. It should be highlighted that while using
CFD, medical images such as CT or MRI are still required to
extract patient-specific geometries for simulation purposes. Also,
in clinical applications, 4D MRI would be required to extract
patient-specific spatiotemporal boundary conditions, properly
validate CFD predictions of blood flow velocity, and conse-
quently, correctly derive hemodynamic indices of clinical interest
[12]. As a result, combining 4D MRI and CFD is currently the
ideal approach for accurate and clinically relevant prediction of
cardiovascular flow for any given patient.
A wide range of studies in the literature has used 4D MRI data

to both reconstruct patient-specific geometries and to extract
corresponding 3D velocity profiles for CFD simulations of blood
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flow in the aorta [13–16]. Although several CFD solvers can be
used for such simulations, SIMVASCULAR [17], ANSYS FLUENT [18],
and COMSOL [19], which are based on either finite volume method
(ANSYS) or finite element method (SIMVASCULAR, COMSOL), are
among the most widely used, particularly in cardiovascular
biomechanics. For instance, McClarty et al. [13] used 4D MRI to
reconstruct four patient-specific geometries of the thoracic aorta
and to extract the corresponding inlet and outlet boundary
conditions for their simulations, implemented in SIMVASCULAR. In
another study on the thoracic aorta, Boccadifuoco et al. [14] took
advantage of SIMVASCULAR to study the impact of the vessel’s wall
compliance on hemodynamic parameters using data extracted
from 4D MRI. Also, ANSYS FLUENT has been frequently used as the
CFD solver to incorporate 4D MRI data into CFD [5,15]. For
instance, Armor et al. [15] used ANSYS to assess the effect of
different inlet boundary conditions, one of which was a spatiotem-
poral velocity profile extracted from 4D MRI, on the hemodynamic
parameters in type B aortic dissections. On the other hand, Ngo
et al. [16] combined 4D MRI and CFD using COMSOL to compare
the hemodynamic data acquired from CFD with 4D MRI.
Regardless of the CFD solver type, including spatiotemporal

velocity profiles, extracted from 4D MRI, into CFD simulations is
not without challenges: None of the main CFD solvers provide the
user with an established workflow, supported by a graphical user
interface, to combine this data with CFD directly. As a result,
users are required to write computer code in programing
languages (C/Cþþ, FORTRAN, Python, MATLAB) to properly
preprocess the 4D MRI data and cast it into a format compatible
with the simulation package. In addition, in contrast with the
freely available SIMVASCULAR software, ANSYS FLUENT, and COMSOL

are commercial software, with licensing costs that make them
unavailable to many research groups worldwide, especially in
developing countries. Moreover, 4D MRI data might not be
available for a given patient. In such cases, alternative boundary
conditions may need to be used, yet a quantification of the
sensitivity of hemodynamic indices to boundary conditions is not
readily available [15,20]. Therefore, there is a need for a fully
documented framework for combining 4D MRI data with CFD
simulations in SIMVASCULAR, ANSYS FLUENT, and COMSOL, ideally
supported by open-source software tools and custom code. The
availability of these will enable researchers to obtain consistent
and comparable results, regardless of the simulation software they
have access to. Also, it helps them to perform the sensitivity
analysis to assess the impact of inlet boundary conditions on the
results, depending on the data to which they have access. To the
best of our knowledge, there is no such study in the literature.
Hence, the overall goal of this paper is to present a framework

for incorporating spatiotemporal velocity data, extracted from 4D
MRI data, into three well-known CFD packages (ANSYS, COMSOL,

and SIMVASCULAR) for investigating patient-specific cardiovascular
flows. We intend to make the general-purpose computer codes we
developed to convert the 4D MRI data (for SIMVASCULAR, COMSOL,
and ANSYS), impose time-dependent boundary conditions (for
ANSYS), and calculate hemodynamic indices (for ANSYS), available
upon publication of this paper. The simulation workflows, in all
three software packages, will be illustrated and compared with the
prediction of thoracic aortic hemodynamics. Also, a sensitivity
analysis will be performed to study the impact of inlet boundary
conditions on hemodynamic predictions to give insight into their
effect on the simulation results in case patient-specific data is not
available. This paper will also comment on other aspects of the
CFD workflow, including patient-specific geometry reconstruc-
tion, meshing, numerical simulation schemes, simulation and
postprocessing of results, and estimated computational cost. Based
on these results, researchers will be able to select the most suitable
CFD package for their cardiovascular flow simulations based on
spatiotemporal 4D MRI data.

2 Materials and Methods

2.1 Geometry Reconstruction. In this study, a patient-
specific geometry of a thoracic aorta was reconstructed from a
magnetic resonance imaging (MRI) of a patient taken by the
University Health Network (REB approval 16-6285). Also,
informed consent was obtained from this patient. For the
reconstruction of the patient-specific geometry, our workflow
favored open-source software tools. Thus, the open-source image
processing software ITK-SNAP [21] was utilized to process
DICOM format MRI files. After adjusting image contrast and
brightness, a set of reference points, referred to as “bubbles” in the
software, were created on the centerline of the thoracic aorta.
These bubbles act as initial points in a contour/region growth
algorithm, which increases the radius of each bubble until it
becomes fully inscribed in the artery lumen, as detected from
contrast/edge contours in the target image. Finally, the recon-
structed geometry is modified manually to make it suitable for
numerical flow simulations. Specifically, surface smoothing
operations were implemented in MeshMixer [22] to reduce
reconstruction noise caused by measurement noise in the MRI
images, which results in surface roughness profiles that are
incompatible with the vasculature and other anatomical structures
that the geometrical models represent. Additional processing
operations, performed in MESHLAB [23], involved mesh trans-
lation/rotation to align it with coordinate axes, duplicate points
removal, and cut operations to define convenient inlet and outlet
planes, thus defining the subset of the reconstructed geometry to
be used as the simulation domain. The reconstructed geometry can
be seen in Fig. 1.

Fig. 1 Illustration of geometry reconstruction workflow from 4D MRI. O1-O4 represent outlets; BCA:
brachiocephalic artery, LCCA: left common carotid artery, LSA: left subclavian artery, and DA:
descending aorta.
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2.2 Mesh Generation. To compare other aspects of the
simulation workflow with different software packages, all results
presented in the paper are based on a common computational
mesh. A mesh was created in SIMVASCULAR with tetrahedral
elements in the center of the geometry and prism elements in the
regions near the wall to properly capture boundary layer effects.
The thickness of the boundary layer was estimated to be 0.1mm
based on typical arterial sizes and flow velocities in the thoracic
aorta [24,25]. Ten layers of prismatic elements were defined in
this region, starting with an element thickness of 0.01mm at the
wall, with the element thickness increasing at a growth rate of 1.2.
The mesh was exported from SIMVASCULAR in VTU format and
then converted to NASTRAN (.BDT) format using the open-source
Python converter Meshio [26]. Finally, the BDT mesh was
imported into ANSYS and COMSOL for simulations.
Mesh independence studies were conducted in ANSYS and led to

the selection of a mesh with 1, 006, 753 elements after trying
several meshes, such as meshes with 0:8 � 106, 1:0 � 106, and 1:2 �
106 elements. To verify the grid independence of the solution, we
compared the maximum time-averaged wall shear stress (TAWSS)
at any given point along the wall, as well as the pressure and
velocity waveforms at all outlets, across all three grids. Based on
this analysis, medium-mesh size was sufficient considering a
maximum 5% difference in the mentioned hemodynamic parame-
ters, while comparing the results for fine and medium meshes. This
number of elements is in the range of the element numbers
previously reported for the study of the blood flow in the thoracic
aorta [5,14,27]. The generated mesh, as well as a histogram of
element quality (as indicated by element skewness), can be
observed in Fig. 2. The average skewness of the selected mesh was
0:18. It should be noted that mesh quality metrics were obtained
with the open-source data visualization suite PARAVIEW [28].

2.3 Governing Equations. The governing equations are the
continuity (Eq. (1)) and Navier–Stokes (Eq. (2)) equations for
transient incompressible flow. Blood was considered a Newtonian
fluid, as the Womersley number in the aorta is high [29,30]. We
modeled the flow in the thoracic aorta as laminar, which has been
proven to be a suitable approach for predicting hemodynamic
parameters in the thoracic aorta [31–33]

r� u*¼ 0

q
@ u

*

@t
þ u

* �r
� �

u
*

 !
þrp� lr2 u

*¼ 0

In Eqs. (1) and (2), the viscosity and density are, respectively,
l ¼ 0:004 Pa�s and q ¼ 1060 kg�m�3, which are the default values
in SIMVASCULAR.

2.4 Boundary Conditions. The inlet boundary conditions are
spatiotemporal velocity profiles, u x, y, z, tð Þ, v x, y, z, tð Þ, w x, y, z, tð Þ
at the inlet planes, extracted from 4D MRI measurements. Ideally,
this type of measurement would be available for every patient for
which cardiovascular flow predictions are required, particularly
for simulations targeting the thoracic aorta. To extract the velocity
data from 4D MRI, we found no open-source tools, hence we used
the commercial software GTFLOW (Gyro-Tools, LLC, Zurich,
Switzerland). In GTFLOW, the velocity field was corrected for phase
offset errors using the linear phase correction algorithm. After-
ward, a velocity field contour was extracted at the inlet of the
computational model, with a separate contour created for each
time-step [13]. The extracted spatiotemporal velocity data is a set
of x, y, z, tð Þ coordinates, and their corresponding velocity compo-
nents, u, v, w, at various time points for at least one cardiac cycle,
but typically for several cycles. Since the locations x, y, zð Þ at
which the velocity data is available are typically different from
the center or vertices of mesh elements in the inlet planes of the
computational model, an interpolation procedure is required.
Hence, a cubic radial basis function interpolator was used to
resample the 4D MRI velocity field into the mesh elements of the
inlet of the computational model. Toward this end, a Python script
was developed, which creates a text (TXT) file with the required
data. Finally, the spatiotemporal velocity profile was imported
into the CFD solvers (ANSYS, COMSOL, and SIMVASCULAR) separately
and was applied to the inlet of the computational model.
However, the main challenge in importing the patient-specific

4D MRI data for use as the inlet boundary condition is that the
simulation software packages do not have any specific facility for
doing so, nor a graphical-user interface option for this purpose. In
addition, each simulation package requires this information in a
different format. Hence, the text file containing the extracted 4D
MRI data was preprocessed to meet the requirements of each
software package, as follows:

2.4.1 User-Defined Inlet Conditions

2.4.1.1 ANSYS. In ANSYS, the GUI enables users to impose either
steady-state spatially varying profiles or spatially uniform (self-
similar) time-dependent profiles, but not an arbitrary spatio-
temporal velocity profile. A user-defined function (UDF) was thus
developed to impose this boundary condition. As with other UDFs
for ANSYS, the code is compiled and linked to the solver, which
calls the UDF in every iteration and gives the user access to all the
internal field variables. Our approach consisted in reading the
velocity data from a pre-assembled text file as described above.

2.4.1.2 COMSOL. COMSOL provides a readily available facility
for defining arbitrary spatiotemporal velocity profiles at the inlet.
In particular, COMSOL defines a local coordinate system at the inlet
plane and is able to read directly from a text file the velocity

Fig. 2 Computational mesh used for the simulations and associated element quality histogram. Inset shows a
cross section of the mesh where the boundary layer elements can be observed.
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components u, v,wð Þ, and time tð Þ for every mesh point located in
the inlet plane, as defined by the local 2D coordinate system
x , yð Þ. It should be mentioned that prior to creating this .txt file,
mapping the results of GTFLOW on the inlet of the computational
model is still required. Additional facilities are provided by
COMSOL to use time-dependent fully developed parabolic profiles,
which may be appropriate for cardiovascular flow simulations
downstream of the aortic arch, as our results will show.

2.4.1.3 SIMVASCULAR. SIMVASCULAR is a finite-element-based
CFD solver which has been specifically designed for the
simulation of flow in the cardiovascular system. Thus, it provides
many options to define spatiotemporal velocity profiles with
prescribed functional forms for either their spatial or temporal
variation, but not both. Examples of these predefined profiles are
the parabolic or uniform profiles (which accept time-varying
parameters), or the Womersley profile (which accepts spatially
varying parameters only).
To define an arbitrary spatiotemporal velocity profile as an inlet

boundary conditions in SIMVASCULAR, we needed to use a rather
indirect route. A simulation was created using either parabolic or
Womersley velocity profiles as inlet boundary condition. This
results in the software creating a boundary condition data file
(“bct.dat”) in the project folder, where this information is saved
along the results of the internal flow field. Then, the bct.dat file
can be directly edited (through a Python script) to substitute the
velocities at the inlet boundaries for the 4D MRI data.

2.4.2 Outlet Boundary Conditions. In this study, the 3-
element Windkessel model was employed to include the effect of
resistances of downstream vasculature that has become standard
practice in the field [34–37]. A schematic of the mathematical
model underlying this boundary condition is shown in Fig. 3. In
the 3-element Windkessel model, R1 and R2 are the proximal and
distal resistances of branching vessels, respectively, while C
represents the compliance of the arterial walls. R1,R2, and C are
patient-specific parameters calculated by applying the methodol-
ogy presented by Pirola et al. [38]. Toward this end, the average
flowrate and pressure in all the outlets are required. For the
descending aorta, the average flowrate can be extracted from the
4D MRI data. For the rest of the outlets, since the quality of 4D
MRI is typically not sufficient to fully resolve the smaller
branching vessels, a well-known approach is to estimate the
average flow rates by applying mass conservation principles in the
integral form to the computational domain, assuming that the total
flow in each branch is directly proportional to the corresponding
cross-sectional area of that outlet [39,40]. Moreover, prior to
patients’ MRI scans, their systolic and diastolic pressures are
measured to make the calculation of average pressure possible.
Table 1 reports the values of R1, R2, and C corresponding to the
patient case simulated in this study.
The mathematical model of the 3-element Windkessel model

depicted in Fig. 3 is an ordinary differential equation, namely

dp

dt
þ p

R2C
¼ R1

dQ

dt
þ R1

R2C
þ 1

C

� �
Q (3)

where p is pressure field and Q is the flowrate. Equation (3)
effectively establishes a 0D/3D coupling between the internal flow
field at any given time with the effective pressure-flow behavior of
the exterior of the simulation domain, creating a nonlinear, iterative
boundary condition. The implementation of such a boundary
condition is different for each software package, as follows.

2.4.2.1 ANSYS. Equation (3) was discretized using a second-
order backward difference approximation. Based on the discre-
tized equation, pressure in the current time-step is a function of
the history of pressure and flowrate in the two previous time steps
and the flowrate in the current time-step. Thus, to implement the
Windkessel condition, the outlet boundary condition is set as a
pressure outlet, and a user-defined function (UDF) was developed
to solve the algebraic equation based on the recorded time history
of pressure and flow for that outlet. For the first and second-time
steps of the simulation, for which there is no history of pressure
and flowrate, two fixed pressure values (10400 Pa and 10350 Pa
for the first and second time steps, respectively), which are based
on anatomical data, were set as the outlet boundary condition [29].
At the end of each time step, the pressure and flowrate history is
updated.

2.4.2.2 COMSOL. In COMSOL, the GUI enables the user to add an
ODE equation directly as a boundary condition. Therefore, there
is no need for the user to explicitly discretize Eq. (3) or code its
solution. Similar to ANSYS, the type of boundary condition is set as
pressure outlet, and the ODE is provided by the user. Two separate
initial guesses were required for pressure and its time derivative
( dpdt), which were set as 10, 400 Pa and 0:0 Pa�s�1 selected,
respectively. Also, R1, R2, and C were defined in the “Global
Definitions” section in COMSOL.

2.4.2.3 SIMVASCULAR. Since SIMVASCULAR is specifically
designed for cardiovascular flow simulations, it includes facilities to
use common Windkessel conditions, including the 3-element Wind-
kessel used in this work. Thus, from the GUI of the software, a
pressure outlet boundary condition is chosen, the Windkessel models
are selected, and the values of R1, R2, and C are supplied by the user.

2.5 Near-Wall Hemodynamic Parameters. For the purpose
of comparison between the results of different software, time-
averaged wall shear stress (TAWSS) and Oscillatory Shear Index
(OSI), which have been identified as potential early biomarkers
for aortic aneurysms and dissection [8], were used. These
parameters are defined as follows [29,41,42]

WSS ¼ sw ¼ l
@u

@n

� �
wall

OSI ¼ 0:5 1�

ðT
0

WSSdt

�����
�����ðT

0

WSSj jdt

0
BBBB@

1
CCCCA (5)Fig. 3 Schematic of the 3-element Windkessel model. R1 and

R2 represent the proximal and distal resistances of branching
vessels, respectively. C represents the compliance of the
arterial wall.

Table 1 Proximal R1 and distal R2 resistances, and arterial wall
compliance C used in this work. Values were calculated using
the methodology of Pirola et al. [38]

Vessels
R1

[dyne s cm�3]
R2

[dyne s cm�3]
C

[cm3 dyne�1]

Descending aorta 91 2332 0.00074
Brachiocephalic artery 347 2526 0.00060
Left subclavian artery 1672 9597 0.00016
Left common carotid artery 2377 12927 0.00012
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TAWSS ¼ 1

T

ðT
0

WSSj jdt (6)

In ANSYS, a UDF code was written to calculate OSI and TAWSS
based on the WSS values calculated during the simulation. In
contrast, COMSOL provides facilities to specify directly arbitrary
equations for postprocessing of results, such as Eqs. (5) and (6). In
SIMVASCULAR, WSS calculation is already part of the software,
while TAWSS and OSI are calculated based on the WSS field
using PARAVIEW [28].

2.6 Solution Method. Transient, laminar, incompressible
flow simulations were conducted for four cardiac cycles to ensure
that the results converged into steady-periodic flows. The fourth
cycle was used for the postprocessing of the results. Similar
numerical settings were selected in each software package. A time
resolution study (not included here) showed that a time-step of
0:01 s was suitable for the simulations. Discretization schemes in
all software were selected to be the second order, and convergence
criteria (residual criteria) were set to 1:0 � 10�5.

2.7 Computational Cost. Table 2 shows the computational
cost, expressed in terms of wall time, for the patient-specific

Table 2 Time step and run time (wall-clock) for ANSYS, COMSOL,
and SIMVASCULAR simulations based on the same computational
mesh

Software Time step (s) Run time (hr)

ANSYS 0.01 13
COMSOL 0.01 20
SIMVASCULAR 0.01 40

Fig. 4 Time-averaged velocity field at the domain inlet and
corresponding 4D MRI data

Fig. 5 Flow and pressure waveforms in different branches (BCA: brachiocephalic artery, LCCA: left common carotid artery,
LSA: left subclavian artery, and DA: descending aorta)
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simulations in each software package. All simulations were run on
the same computer server with dual Intel Xeon processors totaling
15 cores, and 187 GB RAM. According to the reported values,
with the same number of mesh elements, ANSYS reached con-
vergence to the target mass and momentum residuals (1:0 � 10�5),
with a lower computational cost. SIMVASCULAR has the highest
computational cost in comparison to the others.

3 Results and Discussion

3.1 Validation of the Inlet Boundary Condition. To illus-
trate that the 3D velocity profile has been correctly imposed to the
inlet of the computational model, time-averaged velocity fields
were extracted at the inlet plane and compared with 4D MRI data
in Fig. 4.

3.2 Pressure/Flow Waveforms. Figure 5 compares the
results of pressure and flow waveforms in BCA, LCCA, LSA, and
DA, extracted from all three software. Flow waveforms from
ANSYS and COMSOL are very similar to each other, with maximum
flow differences of 3%. The results of SIMVASCULAR are also in the
same range and with the same trend, but with larger (6%)
differences in peak systole with respect to ANSYS. Differences in
pressure waveforms are even less noticeable, with ANSYS and
SIMVASCULAR showing similar results, while calculated pressures
in COMSOL are always slightly higher, with a maximum difference
of 2.4% at the BCA branch at t ¼ 0:26 s.

3.3 Time-Averaged Velocity Contour. Figure 6 represents
the time-averaged velocity contours in three different cross section
in the ascending aorta, extracted from 4D MRI data, and from
SIMVASCULAR, ANSYS, and COMSOL simulation results. As can be
seen, the contours are similar to each other with a maximum
velocity difference of 0:05m�s�1 with respect to the 4D MRI
velocity data, i.e., a 13% error. Considering the accuracy and
resolution of the 4D MRI data, and the modeling assumptions, we

believe that this error level is acceptable for the intended
applications of these simulation models, and thus considered the
simulation models as experimentally validated.

3.4 Derived Hemodynamic Indices. Direct validation of
simulation results for near-wall hemodynamic parameters was not
possible, since 4D MRI provides data about the flow velocities but
lacks sufficient resolution near the artery walls. However, having
validated the predictions of the flow and pressure waveforms, and
the time-averaged velocity profiles at different cross section, it is
reasonable to assume that predicted hemodynamic parameters
calculated from the velocity field are also valid.
Figures 7 and 8 depict TAWSS and OSI contours, respectively,

in ANSYS, COMSOL, and SIMVASCULAR. As can be seen, the resulting
TAWSS and OSI distributions in the thoracic aorta are similar for
the compared solvers. Based on the obtained results, the maximum
nodal differences are 10% for OSI and TAWSS between different
software. Thus, based on this analysis, all software can similarly
capture the same hemodynamic parameters in terms of both their
general spatial distribution and specific numerical values.

3.5 Sensitivity to the Inlet Boundary Condition. The com-
bination of 4D MRI with CFD allows patient-specific, accurate,
and clinically relevant predictions of cardiovascular flow and
hemodynamic parameters of interest. Nevertheless, 4D MRI data
might not be available for a given patient. In such cases, selecting
the most appropriate inlet boundary condition plays a pivotal role
in correctly predicting hemodynamic parameters. To highlight the
importance of this matter, a sensitivity analysis was conducted on
the inlet boundary condition by using 6 different inlet velocity
profiles (Scenarios), namely: (1) patient-specific spatiotemporal
velocity data extracted from 4D MRI, (2) patient-specific flow
waveform extracted from 4D MRI with a parabolic velocity
profile, (3) patient-specific flow waveform extracted from 4D MRI
with a spatially uniform (“flat”) velocity profile, (4) Scenario 2
with 20% lower average flowrate, (5) Scenario 2 with 20% larger

Fig. 6 Time-averaged velocity contours, extracted from 4D MRI, SIMVASCULAR, ANSYS, and COMSOL in
three different cross sections
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average flowrate, and (6) a generic flow waveform provided by
Kim et al. [34], scaled to match the cardiac output of the patient.
Note that Scenarios 2 and 3 are intended to elucidate whether
knowledge of temporal variations of the inlet flow is sufficient, or
if the spatial variations are also necessary for accurate hemody-
namic predictions. Scenarios 4 and 5 are intended to illustrate how
accuracy in the measurement of integral quantities (such as total
flowrate) has a significant effect on the target hemodynamic
indices. Finally, Scenario 6 will provide a baseline from which we
can estimate the impact that any patient-specific information about
inlet conditions may have on improved accuracy of the results.
Figure 9 depicts the time-averaged velocity (TAV) contours in

different cross sections across the thoracic aorta for each of the
inlet boundary condition Scenarios. TAV contours extracted from
Scenario 1 (CFD with 4D MRI data as inlet condition) were
selected as the baseline for the comparison. As can be seen, in the
ascending aorta (sections A and B in Fig. 9) and aortic arch (section
C), all other Scenarios underestimate the TAV contours by up to
100% difference. However, in the descending aorta (sections D, E,
F), the results of all Scenarios are similar, with a maximum
difference of 15% between the baseline and Scenarios 4 and 5.
Figure 10 shows contours of absolute difference in TAWSS and

OSI between different inlet boundary condition Scenarios, using
Scenario 1 as the baseline. Large differences in both TAWSS
(3:8 Pa) and OSI (0:47) can be observed in the ascending aorta
and aortic arch. In the descending aorta, however, there are no

significant differences in TAWSS contours, with maximum
absolute differences always under 0:5 Pa, corresponding to a 10%
relative error. A similar behavior is observed in OSI results, with
the largest differences with respect to baseline found in the
ascending aorta and aortic arch (0.2), and these difference
decreasing as we move streamwise past the aortic arch. In
particular, in the distal section of the descending aorta, the
absolute differences are below 0:1 in all Scenarios.
Figure 11 depicts the velocity waveforms at location F (ref

Fig. 9) in the descending aorta, for the different inlet boundary
conditions investigated in this paper. It can be observed that
Scenarios 1, 2, and 3 lead to similar results, which could be
expected considering that the inlet waveforms in these scenarios
are similar, with the main difference between the scenarios being
the shape (spatial details) of the velocity profile. This further
shows that the spatial details of the inlet velocity profile are almost
completely dampened by the time the flow reaches the descending
aorta. Scenarios 4 and 5 underestimate and overestimate the
velocity profile, respectively, by almost 20%; this is consistent
with the imposed inlet boundary condition in these scenarios.
However, Scenario 6, which is for a generic inlet waveform, leads
to a different velocity waveform in the descending aorta, with the
most significant differences observed in systole and early diastole,
and overestimates the peak velocity by 20%, even though the
average velocity used to define the generic profile is the same as
that of Scenarios 1, 2, and 3.

Fig. 7 Comparison of TAWSS contours in the back and front
sides of the thoracic aorta. Note that all results were generated
using the same spatial and temporal discretization schemes in
each software.

Fig. 8 Comparison of TAWSS contours in the back and front
sides of the thoracic aorta. Note that all results were generated
using the same spatial and temporal discretization schemes in
each software.
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4 Discussion

This paper presents a framework, and associated computer
codes, to incorporate the time-dependent 3D velocity profiles,
extracted from 4D MRI, into three CFD solvers commonly used
for cardiovascular flow simulations, namely, ANSYS, COMSOL, and
SIMVASCULAR.
The three CFD packages were also compared, in terms of their

ability and ease of data preprocessing, simulation setup, and
postprocessing of the simulation results, from the point of view of
a future clinical user that may not be well-versed in the
fundamentals of CFD, numerical methods and computer program-
ing. In terms of image segmentation, among the considered CFD
packages, SIMVASCULAR is the only one with included facilities for
patient-specific geometry reconstruction from medical images.
The software provides a manual image segmentation feature in
addition to a recently added machine-learning approach for
geometry reconstruction. A limitation, however, is that SIMVASCU-

LAR cannot create multivessel fillets, a feature that is important in
the bifurcation regions [43]. Hence, in this study, the patient-
specific geometry was reconstructed using the open-source
application ITK-Snap, although other open-source alternatives are
also available (VMTK, MITK, 3D Slicer, Crimson, among
others).
In terms of meshing, ANSYS has a comprehensive suite of

meshing tools (ANSYS Meshing, ICEM) in comparison to both
COMSOL and SIMVASCULAR. ANSYS complements its meshing tools
with the ability to robustly import meshes in a wide variety of
formats, while COMSOL supports only STL, NASTRAN, and PLY
meshes, and the open-source release of SIMVASCULAR does not
have facilities for mesh importing [44] and supports mesh exports
in the VTU format. Therefore, in this study, we were constrained
to generate our computational mesh in SIMVASCULAR and then
export it to other software packages in order to be able to compare
simulation results and computational costs based on the exact
same mesh. Since mesh conversion operations can introduce
subtle errors with nefarious consequences in numerical conver-
gence, we considered ANSYS to be superior in meshing aspects.
Regarding the ease of implementation of time-dependent 3D

velocity profiles as boundary conditions, both COMSOL and

SIMVASCULAR are similar in that they require data conversion to a
specific format, thus requiring minimal user code. In ANSYS, on the
other hand, a user-defined function (UDF) must be implemented
in FORTRAN or C/Cþþ to include 3D, time-dependent velocity
profiles in the simulation. In this aspect, perhaps COMSOL is more
user-friendly since the velocity data can be provided in simple
delimiter-separated text files, while the fixed-format BCT files
used by SIMVASCULAR require careful attention to the formatting of
the data to avoid undetected errors. More details on the BCT file
format specifications can be found on the SIMVASCULAR website
[44].
In terms of including the Windkessel outlet boundary conditions

for 0D/3D coupling, SIMVASCULAR has explicit facilities for this
task, given the highly specialized nature of the software for
applications in cardiovascular flows. COMSOL also allows the user

to easily impose 3D/0D coupling for its boundary conditions using

simple mathematical expressions, in natural notation, that have

access to iteration-level solution variables (position, time, veloc-

ity, pressure). For instance, the Windkessel model shown in Fig. 3

can be implemented in COMSOL by writing the ordinary differential

equation for this RC circuit. In contrast, ANSYS requires the user to

write UDF code to implement 3D/0D coupling.
In terms of flexibility in controlling the numerical schemes, all

packages have several options enabling the users to change the
numerical treatment of derivatives, relaxation/stabilization param-
eters, and the methods used for solving the nonlinear system of
equations. Nonetheless, due to the orders-of-magnitude larger user
base, documentation, resources (e.g., forums), and tutorials are
much more readily available for ANSYS and COMSOL packages. In
addition, ANSYS and COMSOL are two commercial software
commonly taught in a wide range of institutions as they are
applicable in a variety of research fields. On the other hand,
SIMVASCULAR is exclusively designed for cardiovascular biome-
chanics research. Thus, it might be easier for new users to learn
how to work with the numerical schemes in ANSYS and COMSOL.
There are some differences between the software in terms of

postprocessing of results. SIMVASCULAR has facilities to calculate
TAWSS and OSI by just checking a box in its user interface.
COMSOL allows the user to calculate near-wall hemodynamic

Fig. 9 Time-averaged velocity (TAV) contours at different cross sections along the thoracic aorta for 6
different inlet boundary conditions
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parameters by using mathematical notation directly, and there is
no need to express the calculation equations as computer
algorithms that can be translated into computer code. In ANSYS, on the
other hand, a UDF code must be written to calculate TAWSS and
OSI values at each iteration. For other postprocessing of the data,
such as visualization of flow streamlines, velocity contours, and
pressure waveforms, ANSYS and COMSOL have a richer set of user-
friendly visualization options, while SIMVASCULAR has no postpro-
cessing capabilities. All SIMVASCULAR results must be postprocessed
and visualized in an external application, typically PARAVIEW.
Regarding computational cost for simulations using the exact

same mesh, SIMVASCULAR exhibited the largest wall time to
convergence, while ANSYS was the fastest. Also, we found
challenges satisfying the convergence criterion in SIMVASCULAR

using the same time-step used in ANSYS and COMSOL (0.01 s). We
explored and found several references in the literature that have
used SIMVASCULAR but relied on time steps in the order of 2:0 �
10�3 [14,45] or below. Achieving convergence in SIMVASCULAR

with a 0:01 s time-step, required multiple tries to increase the
number of iterations per time-step, and several changes to the
numerical scheme. In contrast, both ANSYS and COMSOL robustly
converged with the 0:01 s time-step with default settings, without
further user intervention.
In terms of simulation results, all three software could predict

flow and pressure waveforms and the spatial distribution of the
near-wall hemodynamic parameters without any notable

differences. The pressure and flow waveforms predicted in this
study are aligned with reported waveforms by Kim et al. [34] and
Zhang et al. [46]. The accuracy of the predicted OSI and TAWSS
patterns could not be ascertained, due to the low resolution of 4D
MRI data near the walls. However, it should be noted that WSS,
and consequently, OSI and TAWSS, are derived from the velocity
fields, and the velocity fields were successfully validated against
4D MRI, which lends support to the use of these simulation
models for the intended cardiovascular applications.
A summary of the foregoing discussion is shown in Fig. 12. In

this figure, a subjective user-friendliness scale was defined using
three colors (black: more difficult/less user-friendly, white:
easiest/more user-friendly). Although the decision of which
software package to use to implement a simulation workflow for a
given application depends on many technical factors, we provide
our assessment of some of the different aspects that may influence
that decision.
The sensitivity analysis showed that the hemodynamic parame-

ters, including velocity contours, TAWSS, and OSI are strongly
influenced by the type of the inlet boundary condition in the
ascending aorta and aortic arch which is well aligned with a study
by Pirola et al. [47]. To accurately capture the hemodynamics in
such regions, which are immediately downstream of the inlet
plane and still affected by hemodynamics surrounding the heart
valve, it is crucial to use patient-specific spatiotemporal velocity
data, extracted from 4D MRI with the highest resolution and
accuracy possible. On the other hand, the target hemodynamic
parameters (TAWSS, OSI) in the descending aorta are not
significantly affected by the type of inlet boundary condition. In a
study of intracranial aneurysms, Li et al. [39] found that inlet
conditions based on generic waveforms establish statistically
significant differences in TAWSS and OSI compared to a patient-
specific inlet boundary condition. In contrast, our results suggest
that TAWSS and OSI can be used for assessments in the descending
aorta, even if patient-specific monitoring data (pressure/flow wave-
forms) are not available to define patient-specific inlet and outlet
(Windkessel) boundary conditions. We hypothesize that this low
sensitivity is caused by the geometric features (i.e., curvature) and
branching vessels of the aortic arch, which dampen the influence of
spatial variations in velocity at the inlet plane but not time-
dependent features such as the velocity and pressure waveforms.
Nevertheless, assessments focused on the ascending aorta or aortic
arch must be based on patient-specific 4D MRI data.

5 Conclusion

This paper offers a fully documented framework for combining
4D MRI data with CFD simulations in SIMVASCULAR, ANSYS

FLUENT, and COMSOL. A patient-specific case of blood flow in the
thoracic aorta was used to illustrate, from the point of view of a

Fig. 10 Contours of absolute differences in TAWSS and OSI
between 4D MRI data and simulation results for different inlet
boundary conditions

Fig. 11 Velocity waveform at cross section F (ref. Fig. 9) in the
descending aorta for various inlet boundary conditions
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future clinical user, the advantages and limitations of each
software, considering aspects such as preprocessing of patient
data, mesh generation, simulation setup, and control, ability to use
4D MRI data for boundary conditions, underlying computational
effort, and postprocessing of the simulation results. The compari-
son was done based on velocity fields, flow and pressure
waveforms, and derived hemodynamics indices, particularly
TAWSS and OSI. All software can similarly predict the hemody-
namic parameters without major differences in the results, but
with significant differences in terms of the workflow required.
Sensitivity analyses of the inlet boundary condition on the
predicted hemodynamic parameters indicate that the availability
of accurate patient-specific spatiotemporal inlet velocity data is of
critical importance for CFD-based hemodynamic assessments of
the ascending aorta and aortic arch. In contrast, hemodynamic
parameters are less sensitive to the inlet boundary conditions in
the descending aorta, with simulations based on non-patient-
specific inlet waveforms resulting in reasonable accuracy. We
believe that this comparison will be useful for the research
community in cardiovascular biomechanics.
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Nomenclature

ATAA ¼ ascending thoracic aortic aneurysm
C ¼ compliance

CFD ¼ computational fluid dynamics
CT ¼ computed tomography

ODE ¼ ordinary differential equation
OSI ¼ oscillatory shear index

4D MRI ¼ 4-dimensional magnetic resonance imaging
P ¼ pressure
Q ¼ flow rate
R ¼ resistance

TAV ¼ time-averaged velocity
TAWSS ¼ time-averaged wall shear stress

Fig. 12 Qualitative comparison between ANSYS, COMSOL, and SIMVASCULAR for integration of 4D MRI data with CFD
simulation workflows
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UDF ¼ user defined function
WSS ¼ wall shear stress
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