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Abstract—Aortic coarctation (CoA) accounting for 3–11% of
congenital heart disease can be successfully treated. Long-term
results, however, have revealed decreased life expectancy
associated with abnormal hemodynamics. Accordingly, an
assessment of hemodynamics is the key factor in treatment
decisions and successful long-term results. In this study, 3D
angiography whole heart (3DWH) and 4D phase-contrast
magnetic resonance imaging (MRI) data were acquired.
Geometries of the thoracic aorta with CoAswere reconstructed
using ZIB-Amira software. X-ray angiograms were used to
evaluate the post-treatment geometry. Computational fluid
dynamics models in three patients were created to simulate pre-
and post-treatment situations using the FLUENT program.
The aim of the study was to investigate the impact of the inlet
velocity profile (plug vs. MRI-based) with a focus on the peak
systole pressure gradient and wall shear stress (WSS). Results
show that helical flow at the aorta inlet can significantly affect
the assessment of pressure drop andWSS. Simplified plug inlet
velocity profiles significantly (p< 0.05) overestimate the
pressure drop in pre- and post-treatment geometries and
significantly (p< 0.05) underestimate surface-averaged WSS.
We conclude that the use of the physiologically correct but
time-expensive 4D MRI-based in vivo velocity profile in CFD
studies may be an important step towards a patient-specific
analysis of CoA hemodynamics.

Keywords—Aortic coarctation, Computational fluid dynam-

ics, 4D MRI, Angiography.

ABBREVIATIONS

CoA Aortic coarctation
MRI Magnetic resonance imaging
PC-MRI Phase contrast MRI
WH Whole heart
BA Brachiocephalic artery
LCCA Left common carotid artery
LSA Left subclavian artery
CFD Computational fluid dynamics
SD Degree of stenosis
H Helicity
WSS Wall shear stress
1D One-dimensional
3D Three-dimensional
4D Four-dimensional

INTRODUCTION

Aortic coarctation (CoA) is a severe disease accounting
for approximately 3–11% of congenital heart disease.12,16

CoA causes upper-body systolic hypertension and lower-
body hypotension. When the systolic pressure gradient
exceeds 20 mmHg, clinical guidelines recommend treat-
ment by surgery, endovascular stent placement, or bal-
loon angioplasty.11 The long-term outcome, however, is
associated with abnormal hemodynamics leading to cor-
onary artery disease, hypertension, stroke, and aneurysm
formation, decreasing life expectancy.3,13

Recent developments in non-invasive medical imag-
ing and especially magnetic resonance imaging (MRI)

Address correspondence to L. Goubergrits, Biofluid Mechanics
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enable image-based computational fluid dynamics
(CFD) analysis of hemodynamics approaching patient-
specific flow analysis under realistic physiologic condi-
tions.21 Image-basedCFD is expected to replace pressure
drop measurements conducted by means of an invasive
and expensive catheterization technique now used in
clinical practice for the therapy decision. It is also
expected that CFD can predict post-treatment hemo-
dynamics. Flow-sensitive four-dimensional phase-con-
trast MRI (4D PC-MRI) nowadays allows for blood
flow visualization and quantification of the 3D velocity
field including calculation of flow rates in any plane
selected by an operator. It can be used as a source of
anatomical and hemodynamic boundary conditions in
the patient-specific approach. Flow simulations in the
aorta span a broad range of models with peak systole23

and unsteady20 simulations using rigid walls,6 and
include fluid–structure interaction.15 These models used
laminar flow conditions,30 Reynolds-averaged-Navier–
Stokes-based turbulence models,10 or direct numerical
simulations.4 Nearly all studies used the Newtonian
bloodmodel. Flow rates at the ascending and descending
aortas are normally obtained from PC-MRI data. Due
to low space resolution of the PC-MRI, the flow rates in
three side branches of the aortic arch (brachiocephalic
artery (BA), left common carotid artery (LCCA), and
left subclavian artery (LSA)) can be defined in different
ways: based on cross-sectional areas of the branches,1

literature values23 or using a 1D approach of a Wind-
kessel modeling.33 The majority of studies used plug inlet
velocity profiles as well as parabolic,12 Womersley,10

fully developed inlet velocity profiles,6 and plug velocity
profiles restricted by the reconstructed aortic valve ori-
fice area.30 The boundary conditions, particularly inlet
boundary conditions, are of great importance for the
results of CFD.21 A review of studies investigating the
impact of different boundary conditions in aortic CFD
can be found in the work of Morbiducci et al.21 In spite
of the known fact that the left ventricle together with the
aortic valve generate at the aorta inlet a helical flow,5 the
majority of studies use inlet flow profiles without sec-
ondary flow features. Doormaal et al., however, showed
in the mouse aortic arch the importance of using MRI-
based inlet velocity profiles instead of an idealized profile
in order to accurately obtain WSS distributions.29 Fur-
thermore, Morbiducci et al. showed for a single human
aorta that idealized velocity profiles may result in
incorrect calculations of the WSS and WSS-derived
parameters (for example, oscillating shear stress index) if
compared with results from a simulation with PC-MRI
based inlet velocity profiles.21

The aim of this study was to investigate the impact
of PC-MRI based flow parameters compared to sim-
plified approaches using plug inlet velocity profiles in
image-based simulations of CoA. This is because the

inlet boundary condition plays an important role in
patient-specific analysis of pre- and post-treatment
hemodynamics of CoA. We performed the study with a
focus on the pressure gradient assessment and the WSS
maps during peak systolic flow. Peak systole simula-
tions of CoA (pre- and post-treatment) with PC-MRI
based inlet velocity profiles were compared with sim-
ulations using plug velocity profiles with the same flow
rate.

MATERIALS AND METHODS

Patient Data

The study was conducted with data obtained from 3
patients with aortic coarctations (Case 1: 40 years old
(yo), female, 88% stenosis; Case 2: 23 yo, female, 47%
stenosis; Case 3: 29 yo, female, 62% stenosis) treated
in the Department of Congenital Heart Disease
and Paediatric Cardiology at the German Heart
Institute in Berlin, Germany. The degree of stenosis
(SD) was defined as a ratio of cross-sectional areas:
SD = 100% 9 (1 2 Ast/AA.Dsc.), where Ast is the
cross-sectional area at the stenosis and AA.Dsc. is the
cross-sectional area at the descending aorta measured
150 mm downstream of the aorta inlet. All patients
were treated by endovascular stents. Due to the type of
stenosis in one case, a covered stent was implanted but
not fully dilated in order to anchor the stent. The stent
was then dilated to its final diameter during a second
catheterization. Local Institutional Review Board
approval was obtained and informed consent was
given by the patients.

Imaging Data

The imaging acquisition was done with a whole
body 1.5 Tesla MR scanner Achieva R 3.2.2.0 using a
five-element cardiac phased-array coil (Philips Medical
System, Best, The Netherlands). 3D anatomy of the
aorta was either acquired by contrast-enhanced three-
dimensional magnetic resonance angiography (Case 2)
or by a navigator-triggered whole heart (3DWH MRI)
sequence in the two other cases (Cases 1 and 3).
Contrast-enhanced angiography was timed on the ba-
sis of bolus tracking. The injection dose of contrast
agent containing gadolinium (Dotarem�, Guerbet,
Villepinte, France) was 0.2 mL/kg body weight corre-
sponding to 0.1 mmol gadoterate meglumine/kg body
weight. Further imaging details can be seen in Table 1.
A flow-sensitive four-dimensional (4D) velocity-
encoded magnetic resonance imaging (4D PC-MRI)
sequence was acquired in every patient using an
anisotropic 4D segmented k-space phase contrast
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gradient echo sequence with retrospective electrocar-
diographic gating without navigator gating of respi-
ratory motion. The resulting 3D volume covered the
thorax from the apex of the heart to the aortic arch in

the feet-to-head direction, the sternal border and the
spine in the anterior-to-posterior direction, and the
ascending to descending aortas in the right-to-left
direction. The sequence parameters are shown in

TABLE 1. Typical scan parameters of the contrast enhanced angiography, the anatomical three-dimensional whole heart and the
flow-sensitive four-dimensional velocity-encoded magnetic resonance imaging sequences.

Parameters AngioMRI 3DWH 4D PC-MRI

Field of view (mm) 480 9 480 9 133 212 9 212 9 121 180 9 216 9 75

Matrix size 480 9 480 320 9 320 100 9 128

Number of slices 102 76 30

Acquired voxel size (mm) 1.0 9 1.0 9 2.6 0.66 9 0.66 9 3.2 2.55 9 2.55 9 2.5

Reconstructed voxel size (mm) 1.0 9 1.0 9 1.3 0.66 9 0.66 9 1.6 1.72 9 1.72 9 2.5

TR (ms)/TE (ms) 2.32/0.9 4.0/2.0 3.5/2.2

Flip angle (�) 30 90 5

Cardiac ECG gating – – Retrospective

Reconstructed cardiac phases – – 24

VENC (m/s) – – 4.0

NSA 1 3 1

AngioMRI contrast-enhanced angiography MRI, 3DWH three-dimensional whole heart MRI, TR repetition time, TE echo time, VENC velocity

encoding, ECG electrocardiographic, NSA number of signal averages.

FIGURE 1. Typical slices of the 4D PC-MRI acquisition (a), of the MRI angiography (c), and of the projection angiography: pre-
treatment (b) and post-treatment (d).
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Table 1. Post-treatment MRI data were not available.
Pre- and post-treatment cardiac catheterization con-
ventional x-ray angiograms were done by projection
angiography with Philips Allura Xper FD 10/10
(Philips Medical Systems, Best, the Netherlands) using
an injection of a contrast agent (Ultravist, Schering,
Berlin, Germany). Figure 1 shows typical anatomical
slices of the PC-MRI data (a), MRI angiography data
(c) and the projection angiography (b—pre-treatment,
d—post-treatment).

Imaging Post-processing

Anatomical MRI data illustrated in Fig. 1c were
used for the segmentation and geometrical reconstruc-
tion of the three CoAs with the software ZIB-Amira
(Zuse Institute Berlin, Germany). First, raw data were
resampled to the isovoxel size of 0.7 mm 9 0.7 mm 9

0.7 mm using the Lanczos filter. Then, level-set seg-
mentation techniques26 including voxel labelling with

subvoxel accuracy using thresholding in combination
with region-growing techniques25 and requiring an
intensive manual interaction were used. The final label
field was transformed into a triangulated surface using
a Marching Cubes algorithm.19 The surface was
then smoothed using the Laplacian algorithm. The
smoothing was done to remove surface mesh artefacts.2

Finally, reconstructed surfaces were validated using
pre-treatment x-ray angiograms (projection angiogra-
phy), allowing accurate measurements of aorta diame-
ters (Fig. 1b). Figure 2 shows the final surfaces of the
three cases investigated. Note that in Case 3 the left
vertebral artery originates directly from the aortic arch
(between LCCA and LSA).

4D PC-MRI flow data were first analysed with
GTFlow 1.6.8 software (Gyrotools, Zurich, Switzer-
land). Offline evaluation was performed using calcu-
lations of three-dimensional streamlines inside the
thoracic aorta (see Fig. 3). Analysis included the
quantification of flow rates in the ascending aorta just

FIGURE 2. Pre- and post-treatment reconstructed surfaces of the three aortic coarctations. Note that the stent procedure in Case
2 also caused a change (the kink was reduced) in the aorta’s course (curvature).
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above the sinotubular junction and in the descending
aorta, as well as the determination of maximal veloc-
ities inside and distal to the coarctation. The ascending
aortic flow rate was used to define the peak systole inlet
flow rate, whereas the descending aortic peak flow rate
was used in order to set outflow boundary conditions.
The difference between flow rates in the ascending and
descending aortas was distributed between side bran-
ches of the aortic arch according to cross-sectional area
relationships.14 Table 2 summarizes the important
geometric and hemodynamic parameters drawn from
the imaging data.

Then, 4D PC-MRI flow data were analyzed using
MEVISFlow 8 software (Fraunhofer MEVIS, Bremen,
Germany) in order to transfer inlet velocity profiles
into the CFD model. First, rough segmentation of the
aorta was done in order to align the raw 4D PC-MRI

data with the anatomical MRI angiography data.
Second, inlet cross-sections in the reconstructed aorta
CFD model were found in the 4D PC-MRI data
implying a manual iterative process.

CFD

Flow simulations of the peak systole flow were
performed with the well verified CFD program
FLUENT 6.3.26 (Ansys-Fluent Inc., USA) using a
non-Newtonian adapted generalized power law blood
model described previously31 and a k-x SST transition
turbulence model with low inlet turbulence intensity of
5% according to measurements performed by Isaaz
et al.7 Blood density of 1050 kg/m3 was simulated. The
use of the non-Newtonian blood model approaches an
in vivo physiological situation, thus reducing one of the
sources of uncertainty in the results18 with a relatively
low computational cost. High quality tetrahedral
computational volume meshes in a size range between
1,300,000 and 1,900,000 cells (250,000–420,000 nodes)
varying with the aorta case volume (averaged cell
volume of 0.003 mm3) were generated with Gambit
software (Ansys-Fluent Inc., USA).

Mesh quality was quantified by cell skewness (all
cells were <0.75, the Fluent User Manual recom-
mends cells below 0.92) and aspect ratio (all cells were
<6.0, the Fluent User Manual recommends aspect
ratios up to 10.0). Volume grids included refined mesh
boundary layers (wedge cells) allowing for accurate
resolving near the wall flow with WSS, and satisfying
mesh requirements for the turbulence model used
(y+ of the order 1–2). A mesh independence study was
performed in Case 2 with meshes of 0.6, 1.3, and 2.0
million cells. We found differences in velocity, pressure
and WSS to within 5%. The settings of the mesh with

FIGURE 3. 4D MRI-based colour-coded (velocity magnitude) streamlines at the peak systole.

TABLE 2. Key geometric and hemodynamic parameters
drawn from imaging data.

Case 1 Case 2 Case 3

Reps 1580 3800 6700

Re_stps 6500 7700 6400

DAAsc, mm 34.5 25.6 20.0

DADsc, mm 13.6 17.2 16.5

L, mm 180 240 190

SD, % 88 47 62

Volps, mL/s 260 350 350

FRBA, % 13.1 14.5 23.1

FRLCCA, % 13.4 0.9 10.7

FRLSA, % 19.1 9.1 1.1/6.2

a 39.6 37.25 27.65

Re Reynolds number at the inlet, Re_st Reynolds number at the

stenosis, ps peak systole, a Womersley number, SD stenosis de-

gree, D diameter, Vol. inlet flow rate, FR flow rate ratio in side

branches, L aorta length.

MRI-based Hemodynamics of Aortic Coarctation 2579



1.3 million cells were used in all three cases since this
mesh is a compromise of time cost, accuracy, quality
requirements, and turbulence model mesh require-
ments. We found differences in the averaged parame-
ters (pressure drop and space-averaged WSS) within
1% between results with meshes of 1.3 and 2.0 million
cells. Figure 4 shows the mesh independence of the two
parameters investigated here: pressure drop and WSS.
Figure 4a also shows the importance of the mesh
boundary layer for solution accuracy.

A double-precision solver with the second-order
discretization scheme and SIMPLEC for the pressure–
velocity coupling was used. Convergence criteria
were set to residual errors <1025. Additionally, we
observed the convergence of the pressure drop between
the ascending and descending aortas as well as the
convergence of WSS in three selected points, including
at least one point located proximal to the stenosis. Two
inlet flow conditions were investigated: the plug inlet
velocity profile and the in vivo velocity profile obtained

FIGURE 4. Mesh independence study in Case 2: (a)—relative static pressure along the aorta’s center line in four meshes of
different resolutions: three (0.6 million cells, 1.3 million cells, 2.0 million cells) with, and one (2.0 million cells) without (w/o) mesh
boundary layers. (b)—WSS distributions with mean values of 15.87 6 9.90 Pa and 15.76 6 9.86 Pa in simulations with 1.3 and 2.0
million cells such as the absolute difference from mean WSS of (0.3 6 0.83 Pa) between two WSS maps.

GOUBERGRITS et al.2580



by PC-MRI. The results of the CFD simulations were
validated by a comparison with MRI-based stream-
lines (see Figs. 3, 5).

CFD Post-processing

Blood flow velocity, pressure gradients, WSS dis-
tributions, and helicity were quantified and visualized
using the ZIB-Amira software. Helicity was defined
from the velocity field as H ¼ ~V � ðr � ~VÞ.16 Fur-
thermore, the degree of secondary flow (SFD) at the
inlet plane was defined as the relationship of the in-
plane mean velocity to the through-plane mean
velocity. WSS maps were quantified by surface-aver-
aged WSS values and by histograms: the WSS range
was divided into 100 classes and the respective surface
area was plotted as a percentage. Statistical analysis
of differences between pre- and post-treatment results
or between results with different inlet flow profiles
was done using SPSS 19.0.0.1 software (IBM Inc.,
USA).

RESULTS

Figures 5 and 6 show the flow fields of the three pre-
treatment cases simulated under two different inlet
flow conditions (plug and MRI-based inlet velocity
profiles) and post-treatment situations simulated with
MRI-based inlet velocity profiles. A comparison of
path lines between simulations with plug and MRI-
based inlet velocity profiles show that the swirl flow
generated by the left ventricle, the aortic valve, and the
aorta itself affect the flow patterns including secondary
flow with the recirculation zone behind the stenosis,
and shift the flow towards the inner wall of the aortic
arch. Figure 7 visualizes these findings with the
velocity magnitude map in a cross-sectional (sagittal)
plane of the Case 2 aorta.

These flow changes are causing a reduction in the
pressure drop. All three cases revealed a lower pressure
drop with the MRI based inlet flow profiles (Pre-treat-
ment: plug profile—dPcase1 = 49.2 mmHg, dPcase2 =

17.4 mmHg, dPcase3 = 14.8 mmHg vs. MRI based

FIGURE 5. Velocity magnitude color-coded path-lines as the result of CFD peak systole simulations of the pre-treatment situa-
tions with plug inlet velocity profiles (upper row) and with MRI-based inlet velocity profiles (bottom row).
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profile—dPcase1 = 45.3 mmHg, dPcase2 = 13.2 mmHg,
dPcase3 = 13.0 mmHg). Stent treatment of CoA reduced
pressure drop in all three cases. The removal of the ste-
nosis caused significant reduction of the formerly post-
stenotic recirculation zone.

The calculated pressure drop reduction due to
treatment was also lower with the MRI based inlet
flow profile (post-treatment: plug profile—dPcase1 =

9.0 mmHg, dPcase2 = 10.1 mmHg, dPcase3 = 5.9 mmHg
vs. MRI based profile—dPcase1 = 3.3 mmHg, dPcase2 =

6.1 mmHg, dPcase3 = 3.1 mmHg).
A paired Wilcoxon test found significantly

(p = 0.028) lower pressure drop in simulations (pre-
and post-treatment) with MRI-based inflow velocity
profiles. The weakest pressure drop reduction due to
the use of the MRI-based inlet velocity profiles was
found in Case 3 with a less pronounced secondary flow
feature (swirl) at the inlet, whereas the maximal
effect was found in Case 1. This correlates well with the
helicity and the secondary flow degree parameters at
the inlet plane (see Table 3). Figure 8 exemplifies the
impact of the inlet boundary condition used on the

WSS. The secondary flow at the inlet significantly
increased (paired Wilcoxon test, p = 0.03) surface-
averaged WSS values in pre- and post-treatment sim-
ulations and changed WSS distributions. The major
changes were seen upstream and proximal to the ste-
nosis. The increase in WSS was also seen in the his-
tograms (Fig. 8). Differences in histogram curves,
however, were both remarkable (Case 1) and negligible
(Case 3).

Regression analysis found a significant linear cor-
relation between the pressure drop in six simulations
with MRI based inlet velocity profile dPMRI and the
pressure drop in six simulations with plug profile
dPplug (dPMRI = 0.998 * dPplug 2 3.7 [mmHg]) with a
high Pearson’s coefficient of R2 = 0.993.

DISCUSSION

The choice of boundary conditions plays an
important role in image-based simulations of physio-
logical flows. Since inflow conditions can affect the

FIGURE 6. Velocity magnitude color-coded path-lines as the result of CFD peak systole simulations of the post-treatment situ-
ations with plug inlet velocity profiles (upper row) and with MRI-based inlet velocity profiles (bottom row).
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entire numerical solution in the flow domain,21 we
investigated the impact of patient-specific MRI-based
inlet velocity profiles vs. simplified plug inflow condi-
tions during the peak systole flow. In contrast to the
simple plug velocity profile often simulated at the aorta
inlet, the patient-specific flow generated by the left
ventricle together with the aortic valve includes helical
(secondary) flow structures. The helical flow in the
aorta depends, however, on patient age, aorta shape,
and aortic valve. The significance of the aortic valve in
helical flow development was also found in our data:
Cases 1 and 2 with strong helical structures at the
ascending aorta have bicuspid aortic valves, whereas
the patient in Case 3 has a tricuspid aortic valve.
Bicuspid aortic valves are one of the most common
congenital heart diseases found in 50–80% of patients
with CoA.33 Altered aorta hemodynamics generated

by a bicuspid aortic valve is thought to promote aorta
pathologies (aneurysms and stenosis).30,33

The helical flow may have, however, positive and
negative effects on the hemodynamics.24 It was shown
that helical flow is responsible for flow stabilization,27

can reduce post-stenotic turbulence production, affects
the post-stenotic recirculation zone,24 reduces or
eliminates stagnation flow regions, minimizes damage
to blood cells,32 and improves the transport of oxygen
and low density lipids towards the vessel wall.14,17

Helical flow also increases endothelial WSS and re-
duces WSS oscillations.22 This is important since low
WSS and WSS oscillations often found in the aortic
arch are associated with endothelial dysfunction pro-
moting the development of atherosclerosis and aneu-
rysms.34,35 Due to all these positive effects, helical flow
in the aorta is considered to be the normal hemody-
namic phenomenon.9

On the other hand, secondary flow in vessels is often
associated with negative effects. This is because helical
structures develop in bends and bifurcations associated
with atherosclerosis development or behind stenosis
and valves, which is associated with thrombus devel-
opment.34 An increase in WSS due to the helical flow
structure also has the negative effect of an increased
pressure drop (friction term) meaning an increased
work load for the left ventricle.

Our results found that pressure drops in aortas with
and without stenosis were significantly lower under the
MRI-based inlet boundary conditions. We also found
that the surface-averaged WSS was increased by
approximately 27% (see Table 3). This is a surprising
result: The increase inWSS results in an increased loss of
pressure in simple flow cases, e.g. a flow in straight ducts
(Hagen-Poiseuille flow).By contrast,we found adecrease
in the pressure drop in aortas. Our finding can be
explained by considering a pipe with a constriction
causing an additional drop in pressure, which is propor-
tional to the square of the mean velocity (non-linearly).
By contrast, the pressure drop in the case of the Haagen-
Poiseuille flow is linearly related to the mean
velocity—this is pressure drop due to friction, which is

TABLE 3. Hemodynamic parameters with plug and MRI inlet velocity profiles.

Case 1 Case 2 Case 3

Plug MRI Plug MRI Plug MRI

Hinlet, m/s2 0 49.6 0 40.3 0 31.0

SFDinlet 0 2.5 0 1.08 0 0.35

WSSpre, Pa 11.4 ± 17.2 18.5 ± 16.75 12.5 ± 7.2 15.8 ± 9.9 17.3 ± 12.5 17.9 ± 11.7

WSSpost, Pa 6.2 ± 5.63 11.8 ± 5.85 11.2 ± 6.4 13.0 ± 9.0 12.9 ± 8.8 13.55 ± 8.6

Hinlet helicity averaged over the inlet plane, SFDinlet secondary flow degree at the inlet plane, WSSpre surface-averaged WSS with standard

deviations in pre-treatment simulations, WSSpost surface-averaged WSS with standard deviations in post-treatment simulations.

FIGURE 7. Comparison of velocity magnitude distributions
in a cross-sectional (sagittal) plane between simulations with
plug and MRI-based inlet velocity profiles of Case 2. Black
dashed lines visualize differences in post-stenotic recircula-
tion zones.
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associated with WSS. The non-linear pressure drop due
to constriction is a loss of momentum associated with
energy loss due to formation of secondary flow features
such as swirl (helical flow) or recirculations. This pressure
drop (loss of momentum) is not associated with WSS
showing only one side of the total pressure drop. Our
results show the importance of the loss in momentum
associated with helical flow and explain our focus on

helical flow in the discussion section. The lower pressure
drop we found due to helical flow at the aorta inlet,
however, correlates well with Kilner et al.’s finding that
helical flow formation in the aorta is a part of the natural
flow optimization process.9

Considering the results of the regression analysis, it
seems that the effect of pressure reduction due to
helical flow has a systematic nature and can be taken

FIGURE 8. WSS distributions and histograms for the pre-treatment simulations. The range (max. values) in maps and histograms
were selected based on better visualization criteria. The maximal WSS values in stenotic regions are around 100 Pa. Blue curves in
histograms represent plug-based simulation results. Red curves represent MRI-based simulations.
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into account without the MRI based flow simulation.
The exact mechanism of the pressure drop reduction is
not clear. Considering our findings, we have to keep in
mind the two sources of helical flow: upstream gener-
ation (heart, valve) and generation by the vessel shape
(aortic arch). In the case of pre-treatment simulations
in aortas with stenosis, one possible explanation could
be the reduction of the post-stenotic recirculation zone,
which is the major cause of the CoA pressure drop.
Recirculation zone reduction due to helical flow has
already been demonstrated.32 This is plausible, since
helical flow increases near wall velocity and, hence,
near wall kinetic energy acting against the adverse
pressure gradient responsible for the formation of re-
circulations. However, we found only small differences
in the size of post-stenotic recirculation zones in sim-
ulations with MRI-based and plug velocity profiles.
Furthermore, the effect of pressure reduction due to
helical flow was the same (non-significant difference,
p = 0.28) in pre- (median/mean ± standard deviation:
3.9/3.3 ± 1.31 mmHg) and post-treatment (4.0/4.2 ±

1.46 mmHg) simulations. Another possible explana-
tion of our finding is that helical structure at the aorta
inlet acts against the secondary flow formed by the
aortic arch as it was clearly seen in Case 2 with high
velocity values at the inner wall of the aortic arch.

In order to clarify the mechanism of the reduced
pressure drop in the aorta due to the presence of the
helical flow structure, further study is desirable.

As expected, our results confirmed the ability of the
aortic coarctation treatment by endovascular stents to
significantly reduce the pressure drop caused by the
stenosis. Pressure reduction was achieved in all three
cases. In Case 2, the pressure reduction was relatively
low (54%) compared to the two other cases (Case 1:
92%, and Case 3: 76%). Data are presented for the
MRI based simulations. Note that Case 2 also has a
slightly higher pressure drop than Case 3 in spite of the
same peak systole flow rate and higher degree of ste-
nosis in Case 3 (62% vs. 47%). This is due to a kinked
aorta course in Case 2, which was only partially
restored by the treatment.

STUDY LIMITATIONS

There are some limitations in this study that could
affect our findings. The study is limited to the three
cases, although with a broad range of aorta shapes
(dilated aorta with round arch, aorta with kink, and
aorta with gothic shaped arch) and degree of stenosis
(47–88%). Since our study found statistically signifi-
cant differences in the hemodynamics (pressure drop
and WSS) of aortic flows in the three different CoA
cases simulated with plug and MRI-based inlet velocity

profiles, we consider our finding to be of a general
nature. Furthermore, our results also confirm results
obtained in other studies whose focus was, however,
only on WSS and WSS derived parameters. The results
of simulations with in vivo MRI-based inlet velocity
profiles were only compared with the plug velocity
profiles, which is the most widely used simplification at
the aorta inlet. The imposition of MRI-based velocity
profiles is affected by the MRI uncertainty (resolution)
that is unavoidable now. The most important feature
of the MRI-based inlet profile is, however, an existence
of secondary flow (swirl) alone in contrast to the plug
velocity profile. Further possible sources of uncer-
tainties in the results are associated with a choice of
outlet boundary conditions,6 rigid walls without aorta
distensibility and without aortic displacement due to
heart beat8 and reconstruction procedures. All these
simplifications could affect the investigated hemody-
namic parameters. The impact of wall elasticity as the
most significant deviation from the physiological situ-
ation was shown to be minor for the assessment of
WSS and WSS-derived parameters. The study was
limited to steady-state peak systole flow simulations.
Peak systole flow conditions were simulated because
the peak systolic pressure drop is among other factors
one major parameter used in the clinical practice for
treatment decisions.28 An incorporation of the tran-
sient flow simulation might affect hemodynamic
parameters. Previous studies suggest, however, that
global hemodynamic measures of the pressure drop
and WSS (space- and time-averaged, location of
maximum) are not affected.17,23 Considering the
specific aim of our study, we report our findings as
consistent.

CONCLUSION

In vivo velocity profiles at the inlet of the aorta
including secondary flow features (swirl) generated by
the left ventricle with the aortic valve affect both the
estimation of the hemodynamic parameters (pressure
drop and WSS) and the treatment effect of the aortic
coarctation. Due to general similarity of calculated
flow, pressure fields and WSS, the use of simplified
plug velocity profiles significantly underestimates WSS
and overestimates pressure drop. The impact, however,
depends on the degree of secondary flow. We conclude
that the use of the physiologically correct but time-
expensive 4D MRI-based in vivo velocity profile in
CFD studies may be important for the following rea-
sons: First, the correct in silico estimation of the
pressure drop due to the aortic coarctation that is
important for the treatment decision and for the esti-
mation of the hemodynamic impact of the treatment.
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Second, this may be important for the accurate anal-
ysis of WSS distributions and surface-averaged values
used in analysis of long-term treatment outcomes. The
necessity of using MRI-based in vivo inlet velocity
profiles in a CFD study should, however, depend on
the goal of the study.
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