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Abstract

The turbulent blood flow through an aortic coarctation was studied exper-
imentally using magnetic resonance imaging (MRI), and numerically using
computational fluid dynamics (CFD), before and after catheter intervention.
Turbulent kinetic energy (TKE) was computed in the numerical model using
large eddy simulation and compared with direct in vivo MRI measurements.
Despite the two totally different methods to obtain TKE values, both quanti-
tative and qualitative results agreed very well. The results showed that even
though blood flow rate and Reynolds number increased after intervention,
total turbulent kinetic energy levels decreased in the coarctation. Therefore,
the use of the Reynolds number alone as a measure of turbulence in cardio-
vascular flows should be used with caution. Furthermore, the change in flow
field and kinetic energy were assessed, and it was found that before inter-
vention a jet formed in the throat of the coarctation, which impacted the
arterial wall just downstream the constriction. After intervention the jet was
significantly weaker and broke up almost immediately, presumably resulting
in less stress on the wall. As there was a good agreement between measure-
ments and numerical results (the increase and decrease of integrated TKE
matched measurements almost perfectly while peak values differed by ap-
proximately 1 mJ), the CFD results confirmed the MRI measurements while
at the same time providing high-resolution details about the flow. Thus,
MR-based TKE measurements might be useful as a diagnostic tool when
evaluating intervention outcome, while the detailed numerical results might
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be useful for further understanding of the flow for treatment planning.

Keywords: Computational fluid dynamics, Large eddy simulation,
Magnetic resonance imaging, Turbulent flow

1. Introduction

Aortic coarctation is a congenital disease where the aorta is narrowed,
impairing blood flow to downstream blood vessels and organs. Pathologic
features include cardiac hypertrophy and degenerative changes in the prox-
imal aorta (Nichols et al., 2011), and increased blood pressure in the upper
part of the body because of the small volume receiving the full stroke vol-
ume. The severity of the coarctation before as well as after intervention is
usually estimated by a catheter measurement of the blood pressure gradi-
ent across the coarctation. The narrowing of the aorta creates a flow jet
with high velocity, inducing a very complex turbulent flow field. It has been
suggested that morbidity among patients with aortic coarctation can be ex-
plained by altered hemodynamics and vascular biomechanics (O’Rourke and
Cartmill, 1971). Recently, researchers has characterized changes of hemo-
dynamic parameters such as pulse blood pressure, aortic capacitance, and
wall shear stress due to the presence of an aortic coarctation (Frydrychow-
icz et al., 2008; LaDisa et al., 2011a,b; Coogan et al., 2012). Hemodynamic
changes caused by the coarctation can result in endothelial dysfunction, ded-
ifferentiation of arterial smooth muscle, and medial thickening (Menon et al.,
2012).

In order to assess the flow, MRI (magnetic resonance imaging) mea-
surements can give information on the flow field and it has recently been
shown that it is possible to estimate the turbulent kinetic energy (TKE) us-
ing MRI (Dyverfeldt et al., 2008). Numerical modeling with computational
fluid dynamics (CFD) can provide additional insights at a significantly higher
resolution compared to MRI. Besides what-if scenarios and intervention plan-
ning, high-resolution details of the flow can be investigated as the resolution
in CFD, in essence, is limited only by computer power. Accurate treatment of
boundary conditions and turbulent flow must be considered to obtain reliable
results.

In an aortic coarctation, the blood flow can transition from a well struc-
tured laminar state to a chaotic turbulent state, which is challenging to
model. A common approach used in engineering applications is to use a



RANS-model (Reynolds-Averaged Navier-Stokes), where the effect of the
turbulent fluctuations on the mean flow are modeled through different tur-
bulence models. As noted in a review article by Yoganathan et al. (2005),
RANS models are not the ideal choice for disturbed cardiovascular flows, but
instead, a scale-resolving turbulence model such as large eddy simulation
(LES) would be more suitable, due to its ability to resolve velocity fluctua-
tions and to handle transition to turbulence. There have been a number of
studies using LES on idealized blood vessels with a constriction (Mittal et al.,
2003; Paul et al., 2009; Gardhagen et al., 2010), and very good agreement
compared to experimental results has been found, demonstrating the poten-
tial for modeling both physiological and pathological low-Reynolds number
turbulent flows with LES.

Olivieri et al. (2011) computed steady flow in native and surgically re-
paired aortic arches in order to correlate hemodynamic indices with the inci-
dence of late morbidity. They found that varying patterns of wall shear stress
as a result from abnormal wall remodeling may be involved in clinical vascu-
lar dysfunction. The effect on cardiac work load when virtually removing an
coarctation was investigated by Kim et al. (2009). They used a deformable
wall with uniform properties throughout the domain, and a lumped param-
eter heart model to account for the changes in velocity and pressure before
and after intervention. They found a reduction in the afterload on the left
ventricle after intervention, as blood pressure levels decreased.

Recently, Arzani et al. (2011) simulated the flow through an aortic coarc-
tation with rigid walls using a second-order accurate direct numerical simu-
lation, with the purpose of validating numerical predictions of TKE with in
viwo MRI measurements. Their results showed a good agreement between
measurements and numerical results, with an relative difference on the order
of 10%.

In this study, the flow through an aortic coarctation in a 63 year old female
was studied. Balloon dilatation without stenting was performed to increase
the diameter and catheter measurements showed a decrease in pressure drop
after intervention, with increased blood flow through the coarctation as a
result. Therefore, two cases were studied using CFD: blood flow through
the coarctation before and after intervention, from hereon denoted as pre-
intervention and post-intervention. The goal of this study was to resolve
the flow features, and to compare the kinetic and turbulent kinetic energy
obtained in the numerical simulations to MRI measurements. A long-term
goal would be to use flow features derived from measurement techniques
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or numerical simulations, or a combination thereof, as an aid in diagnosis,
evaluation and treatment planning of aortic coarctations.

2. Method

Here a short overview of the method is described; details on the CFD
model and MRI acquisition are given in the supplementary materials. For
CFD, the model included the ascending aorta, two arteries leaving the aortic
arch, an artery leaving the aorta in the vicinity of the coarctation, and the
descending and thoracic aorta, see Figure 1. Geometry and inflow boundary
profiles were obtained from MRI data. MRI was also used to directly measure
the time-resolved velocity and TKE field in the 3D volume encompassing
these vessels.

2.1. Numerical Model

A scale-resolving turbulence model, LES, was employed to resolve the
turbulent features in the flow. The WALE subgrid model was used to han-
dle the turbulent scales smaller than the grid size, while the larger scales
were resolved. Details on the turbulence model were described in earlier
work (Lantz and Karlsson, 2011). The simulations were carried out using
ANSYS CFX 14.0. Velocity profiles measured by MRI were prescribed in
the ascending aorta, providing physiologically accurate inlet boundary con-
ditions, while measured mass flow rates were specified in the two vessels
leaving the aortic arch. A pressure boundary condition was set in the de-
scending aorta. The mesh sizes were on the order of 7 Million anisotropic
hexahedral cells, with finer resolution near the walls and in the immediate
post-stenotic region where most turbulent structures were found. Mesh in-
dependency tests and two-point correlations were carried out to ensure that
the mesh resolution was fine enough, see supplementary materials for details.
Phase averages of the velocity field were computed in the CFD simulation,
and it was found that 12 cardiac cycles were needed to ensure statistically
convergent results. A comparison between LES and simpler RANS turbu-
lence models was performed, see the supplementary materials.

Using the Reynolds decomposition to decompose the velocity signal u into
a mean u and a fluctuating component u’, the amount of turbulent fluctua-
tions can be described by the root-mean-square of the difference of instan-
taneous velocity and mean velocity (Pope, 2000; Versteeg and Malalasekera,



2007), as:

1
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where N is the number of samples in the signal. It is then possible to define
the turbulent kinetic energy, as:

1
TKE = §p(u'2 + 0% +w'?) (2)

where v/, v/, and w’ are the fluctuating velocity components and p the density.
As a comparison, the kinetic energy is defined as:

1
KE = §p(u2 + v + w?) (3)
where u, v, w are the phase-averaged velocity components.

2.2. MRI acquisition and segmentation

Experimental data for the numerical model as well as direct measurements
were obtained using a 1.5 T Philips Achieva MRI scanner (Philips Health
Care, Best, the Netherlands). The geometry of the aorta was obtained within
a breath hold using a 3D gradient-echo sequence and subsequently segmented
using a 3D level set algorithm implemented into a cardiac image analysis
software package (Heiberg et al., 2010). The segmentation software gave a
STL-representation of the inner aortic wall which set the boundary for the
fluid domain.

Inflow boundary conditions were obtained in the ascending aorta using
a 2D through-plane phase-contrast MRI measurement placed supracoronary
perpendicular to the flow direction. The data were acquired within an expi-
ration breath hold using retrospective cardiac gating to a vector cardiogram,
and was reconstructed to 40 time-frames per heart cycle with a spatial reso-
lution of 1.56x1.56 mm.

Direct measurements of the velocity and TKE in the whole aorta were ob-
tained using time-resolved three-directional phase-contrast MRI. Full cover-
age of the complete cardiac cycle was obtained by retrospective VCG gating.
Data were acquired during free breathing using a respiratory navigator-gated
gradient-echo pulse sequence. The standard deviation of the velocity distri-
bution for each component within a voxel is computed from the magnitude



of the MRI signal, assuming a Gaussian velocity distribution, as described
by Dyverfeldt et al. (2006). The TKE is computed from the intravoxel stan-
dard deviation in three mutually perpendicular directions (Dyverfeldt et al.,
2008). Two scans with different motion encoding strengths were obtained to
acquire velocity and TKE data. Both measurements were performed using
a motion encoding scheme that included a reference flow-encoding segment
with nulled motion sensitivity, enabling optimal data quality in the TKE
estimation (Dyverfeldt et al., 2011).

The velocity and TKE data were reconstructed into 40 time frames per
cardiac cycle and were corrected for phase-wraps and background phase er-
rors due to concomitant gradient fields and eddy currents on the scanner.
While TKE was directly measured in the scanner, KE was computed from
the measured velocity 3D-field.

3. Results

After the intervention the cross-sectional area of the coarctation increased
from 106 to 145 mm?, which decreased the pressure drop, yielding a higher
mass flow rate. The blood pressure was measured with a catheter and before
intervention it was 135/44 mmHg proximal and 113/37 mmHg distal the
coarctation, i.e. the peak systolic pressure difference was 22 mmHg. After
intervention the blood pressure was 132/46 proximal and 124/48 distal the
coarctation, i.e. there was a remaining peak systolic pressure difference of
8 mmHg, which was considered acceptable. The flow rate in the ascending
and descending aorta were measured with MRI, and are presented in Figure 2.
The cardiac output changed from 4.5 to 5.2 L/min in the ascending aorta,
while it changed from 3.1 to 3.5 L/min in the descending aorta. The Reynolds
number is often used in order to quantify the amount of turbulence in a
flow; for steady flow in a circular pipe a transition to turbulence is generally
accepted to occur around Re = 2300, while for pulsatile flows the critical
value is normally higher (Peacock et al., 1998). As a result of the changed flow
rate and diameter, the peak Reynolds number in the coarctation increased
slightly from 7700 to about 8000 after intervention, see Figure 3.

The turbulent kinetic energy was computed for both cases and com-
pared to MRI measurements. A point-by-point comparison between CFD
and MRI results was not possible to do, as there was a significant differ-
ence in resolution; the number of MRI voxels used in the integration were
approximately 2500 (isotropic) while about 3185000 anisotropic mesh cells



were used in the CFD model, i.e. there was more than a 1200-fold difference
in resolution. Integrated values of TKE in a volume downstream the coarc-
tation were computed, and a good agreement between the numerical model
and the measurements was obtained, see Figure 4.

For the pre-intervention model, the numerical model slightly underesti-
mated the maximum TKE compared to MRI measurements (13% difference
in peak values), but matched the increase and decrease (the maximum dif-
ference between MRI and CFD were < 8% for the build-up slope and < 4%
for the decay slope). There was a 0.03 s time difference between the build-up
slopes in the MRI and CFD results while the decay slopes were practically
on each other.

The post-intervention model showed a decrease in TKE, as a result of
the increased coarctation diameter. Here, a larger difference between CFD
and MRI derived TKE was obtained; the peak values differed by 1.5 mJ and
0.06 s, and the build-up and decay slopes are not captured as well as in the
pre-intervention case. The build-up slope of the CFD results is steeper than
the MRI results, while the decay-slope for the CFD result agree well in shape
with the MRI result, but is 0.03 ms earlier.

For both cases the increase in TKE start just after peak flow rate, with
maximum values in the systolic deceleration phase. Turbulence levels were
almost zero during systolic acceleration and peak systole, as acceleration
tend to stabilize the flow (Peacock et al., 1998). Peak values and when
they occurred during the cardiac cycle are indicated in Table. 1. Considering
maximum values, the numerical simulation predicted a value of 1464 Pa while
the measurement was slightly lower with 1315 Pa in the pre-intervention
model. In the post-intervention model, the maximum values were 838 Pa
and 723 Pa in the CFD and MRI results, respectively.

A volume rendering of the TKE is presented in Figure 5, and clearly show
the details that are possible to obtain in CFD simulations compared to MRI
measurements. Both the CFD and MRI results show how the fluctuations
start in the aortic arch, in the vicinity of the branching vessels, i.e. a transi-
tion to turbulent flow is triggered before the coarctation. In order to explain
why the flow was turbulent before the coarctation, it was decided to inves-
tigate the kinetic energy (KE) in addition to TKE along the geometrical
centerline using data from both the CFD simulations and MRI measure-
ments. The centerline starts in the ascending aorta and ends in the thoracic
aorta, and if the kinetic and turbulent kinetic energy are plotted over time,
a spatio-temporal map is created, see Figures 6 and 7. The kinetic energy is
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low in the ascending aorta as a result of the large cross-sectional area that
yields a lower velocity magnitude. In the upper part of the aortic arch and
beginning of descending aorta (denoted LCC in the figure) the flow makes a
sharp turn, which locally increases the kinetic energy as the fluid accelerates.
This is most evident in the post-intervention case and could be a result of
the intervention. Shortly after, the KE levels decrease until the coarctation,
where, as expected, the largest values are found. It is also evident from both
the CFD and MRI results that the KE decreased in the coarctation after
intervention. High levels of KE are present from peak systole to maximum
deceleration, and then decrease rapidly.

Considering turbulent effects, there are practically no TKE along the
centerline in the ascending aorta and aortic arch in the CFD results, while
the MRI results indicate some degree of velocity fluctuations. This can be
due to noise in the measurements or caused by instabilities created by the
aortic valve, which was not included in the CFD model. However, turbulent
fluctuations become apparent directly after the sharp turn in the end of the
aortic arch in both the simulations and measurements. Note that the TKE
levels increase after peak systole, i.e. in the deceleration phase and not at
peak flow rate. In the throat of the coarctation, the flow shows a tendency
to relaminarize as TKE levels decrease while KE increase. Directly after
the coarctation the TKE increase a second time as the flow again becomes
turbulent. From Figure 7 it seems that the largest TKE levels are found in
the post-intervention case. However, while this is true for the centerline, the
total TKE level in the downstream region of the coarctation decreases after
intervention, as previously shown in Figure 4. The increase of TKE along
the centerline can be explained by investigating how the intervention changed
the flow field; not only did the diameter increase, the jet emanating from the
coarctation also changed direction after intervention. To find high speed
regions in the flow domain, iso-volumes with velocity magnitude > 1 m/s
were post-processed. A seen in Figure 8, at peak flow rate a jet forms in the
coarctation which hits the arterial wall in the pre-op case. After intervention
the coarctation is wider and while there is a tendency to jet formation, the
flow is now directed to the center of the vessel. In addition, as the velocity in
the post-intervention jet is lower (even though mass flow rate is higher), the
kinetic energy is lowered, facilitating breaking up the jet by the surrounding
fluid. As the jet is more centered in the vessel after intervention, TKE levels
will increase locally along the centerline, but the total level downstream the
coarctation is still decreased.



Comparing the KE and TKE levels, it can be seen that the KE is about
an order of magnitude larger than the TKE, but due to the high velocities
created in the coarctation, turbulent kinetic energy on the order of 100 Pa
are present far down in the descending aorta in both cases.

4. Discussion

In this study, the turbulent flow field in an aortic coarctation was inves-
tigated before and after catheter intervention. MRI measurements showed
that cardiac output increased after intervention, due to a decrease in pres-
sure drop over the coarctation. The flow rate increased slightly more in the
ascending aorta than in the descending aorta, which may be explained by a
change in resistance of collateral vessels. As the pressure drop decreased, so
did also left ventricular work load, which is beneficial for the patient (Coogan
et al., 2012). However, it is likely that the increase in area of the studied
coarctation was insufficient to achieve an optimal effect on 24hr ambulatory
blood pressure in the upper part of the body (Engvall and Nystrém, 2001).

Turbulent kinetic energy was used to quantify the turbulence levels using
both MRI measurements and numerical models. The energy in turbulent
flows and anisotropy effects are predominantly present in large-scale mo-
tion (Pope, 2000), and it should therefore be possible to estimate TKE with
the resolution found in MRI. Both the CFD and MRI results showed that
integrated TKE levels decreased after intervention. The computational re-
sults also showed that the jet forming in the throat of the coarctation hits
the distal arterial wall in the pre-op case, which may lead to remodeling of
the aortic wall (Nichols et al., 2011). This is e.g. also seen in patients with
a bicuspid aortic valve, where a jet forms in the aortic valve and hits the
ascending aorta, (Della Corte et al., 2007; Schaefer et al., 2008). This could
provide an explanation to why some patients experience post-stenotic dilata-
tion directly after a coarctation. In this case, after intervention the jet was
directed towards the center of the cross-section of the aorta and broke easily
up due to the decrease in kinetic energy.

The volume renderings and integrated TKE levels indicated that the tur-
bulent fluctuations decreased after intervention, but they did not disappear.
Interestingly, transition to turbulence was triggered not only at the throat
of the coarctation, but also earlier in the aortic arch close to the branching
vessels where the aortic geometry forced the blood flow to take accelerate
and make a sharp turn. The total kinetic energy of the flow is the sum of the



KE and TKE, and regions with elevated KE could, presumably, also contain
elevated TKE values. This was evident by the results in Figures 6 and 7,
where elevated KE values corresponded to the onset of elevated TKE values.
But, while elevated KE regions are well defined in space and time (e.g. in the
vicinity of the coarctation between the PS and ES time points in Figure 6),
turbulent regions are not; TKE is produced in the high shear flow in and
distal the coarctation (and convected with the flow), which creates a large
irregular region with elevated TKE values as seen in Figure 7. In addition,
the centerline results enable a qualitative comparison of TKE between the
CFD and MRI results (where local and instantaneous values are used instead
of integrated values). The agreement seems to be good, with low values in
the ascending aorta and a transition to turbulence before the coarctation.
There are studies that have tried to correlate the Reynolds number in the
aorta to flow instabilities and turbulence, see e.g. Stalder et al. (2011). In this
study, the Reynolds number in the coarctation increased after intervention,
while at the same time, both CFD and MRI results showed a decrease of TKE
downstream the coarctation. This raises the question whether the Reynolds
number by itself is a suitable measure of the amount of turbulence in the flow,
at least under pulsatile flow conditions in vascular geometries. Instead, flow
features such as velocity fluctuations may be used, e.g. quantified by TKE.
Note, however, that this is a single measurement in one patient, and larger
studies need to be performed to achieve a statistically significant result.
There are of course inherent limitations in both the numerical model
and the MRI measurements. The CFD model assumes rigid walls, which, in
practice will give unrealistic mass- and pressure wave speeds. The compliance
of the wall might also affect the flow field, but it was not taken into account.
Errors introduced from segmentation of MRI images and uncertainties in the
boundary conditions may also influence the accuracy of the numerical model.
Additionally, the potential influence of inflow effects from collateral vessels
was ignored. The MRI measurements correlate the signal loss to the amount
of flow disturbances within each voxel. Inherent signal noise and a MRI
resolution on the order of millimeters, which enables the resolution of only
the largest turbulent scales, may affect the accuracy of the TKE estimation.
The turbulent fluctuations were computed by two totally different meth-
ods, and despite the possible error sources, the comparison between MRI-
measured and numerically resolved KE and TKE agreed very well. This
indicates that the measurements are reliable and reproducible, and might
be used as a complement to traditional procedures when evaluating the out-
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come of an intervention. The numerical model can provide further insights
and details about the flow field that is not possible by the use of MRI. If TKE
would be used in clinical practice, the peak values or the volume of elevated
values above a certain threshold might be most useful for the physician, as
high or increased values of TKE indicates an abnormal or pathophysiological
flow situation.
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Table 1: Computed and measured integrated TKE values for the pre- and post-intervention
cases.

Pre Post
CFD MRI CFD MRI

6.01 mJ (0.29 s) 6.95 mJ (0.28 s) 5.81 mJ (0.22's) 4.26 mJ (0.28 s)
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Figure 1: Left: Maximum Intensity Projection (MIP) image of the heart and aorta. The
white arrow indicates the location of the aortic coarctation. Right: CAD surface of the
aortic geometry after intervention. Notice that the vessel still is constricted and that there
is a collateral vessel that originates from one of the carotid arteries and connects to the
aorta in the vicinity of the coarctation.
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Figure 2: Measured flow rates in the ascending and descending aorta before and after
intervention. Notice how the peak flow increases after intervention.
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Figure 3: The Reynolds number in the throat of the coarctation during the cardiac cycle
before and after intervention. Notice that the peak Reynolds number actually increases
after intervention, as a result of the increased mass flow rate.
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Figure 4: Left y-axis: Volume integral of TKE in the region downstream the coarctation
(solid and dashed lines). Circles indicate temporal MRI resolution. Right y-azis: Measured
mass flow rate in the ascending aorta, for reference (light gray line). The amount of voxels
inside the volumes used for integration were approximately 10x10x25 (= 2500) for the MRI
results and 70x70x650 (= 3185000) for the CFD simulation, i.e. about a 1200-fold greater
spatial resolution overall. Volume where TKE is integrated is shown below the plots.
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Figure 5: Volume rendering of TKE in the coarctation for the post-intervention model, at
t = 0.35 s. Left model is the CFD model, right is MRI measurements.
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Figure 6: Kinetic energy along the centerline (y-axis) as a function of time (x-axis) in the
pre-op and post-intervention cases. Top row is CFD results, lower row is MRI measure-
ments. X-axis labels reads MA: maximum acceleration, PS: peak systole, MD: maximum
deceleration, ES: end of systole. Y-axis locations are indicated in the figure above, and
reads AscAo: ascending aorta, Arch: aortic.grch, LCC: left common carotid artery, CoA:
coarctation of the aorta, and DescAo: descénding aorta.
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Figure 7: Turbulent kinetic energy along the centerline (y-axis) as a function of time (x-
axis) in the pre-op and post-intervention cases. Top row is CFD results, lower row is MRI
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Figure 8: Volume rendering of velocity magnitude > 1 m/s. Solid line is the geometrical
centerline and dashed lines show the direction of the jet emanating from the throat of the
coarctation. Notice how the jet changes from hitting the wall in the pre-op case to break
up in the center of the vessel in the post-intervention case.
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