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Abstract—Pressure drop associated with coarctation of the Keywords—Aortic coarctation, Computational fluid dynam-
aorta (CoA) can be successfully treated surgically or by stent ics, Magnetic resonance imaging, Virtual treatment, Wall
placement. However, a decreased life expectancy associated shear stress, Pressure drop

with altered aortic hemodynamics was found in long-term ’ ’
studies. Image-based computational fluid dynamics (CFD) is
intended to support particular diagnoses, to help in choosing
between treatment options, and to improve performance of

treatment procedures. This study aimed to prove the ability ABBREVIATIONS

of CFD to improve aortic hemodynamics in CoA patients. In

13 patients (6 males, 7 females; mean age 25 + 14 years), we CoA Coarctation of the aorta
compared pre- and post-treatment peak systole hemodynam- TCC Total cavopulmonary connections
ics [pressure drops and wall shear stress (WSS)] vs. virtual MRI Magnetic resonance imaging

treatment as proposed by biomedical engineers. Anatomy

and flow data for CFD were based on MRI and angiogra- VEC-MRI Velocity-encoded MRI

phy. Segmentation, geometry reconstruction and virtual WH Whole heart

treatment geometry were performed using the software CFD Computational fluid dynamics
ZI1BAmira, whereas peak systole flow conditions were WSS Wall shear stress

simulated with the software ANSYS® Fluent®. Virtual D Three-dimensional

treatment significantly reduced pressure drop compared to

post-treatment values by a mean of 2.8 + 3.15 mmHg, which 4D Four-dimensional
significantly reduced mean WSS by 3.8 Pa. Thus, CFD has SD Standard deviation

the potential to improve post-treatment hemodynamics DS Degree of stenosis
associated with poor long-term prognosis of patients with

coarctation of the aorta. MRI-based CFD has a huge

potential to allow the slight reduction of post-treatment

pressure drop, which causes significant improvement (reduc-

tion) of the WSS at the stenosis segment. INTRODUCTION

Coarctation of the aorta (CoA) associated with
increased blood pressure in the upper body and
decreased pressure in the lower body represents about
10% of congenital heart diseases.'® In spite of suc-
cessful treatment (surgical or catheter-based) of the
pressure drop caused by a coarctation, a long-term
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dynamics of the aorta.”” Image-based computational
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parts of human circulation is able to assess patient-
specific physiologic and pathophysiologic flow condi-
tions."'*!” CFD tools are supposed to support clini-
cians in making the diagnosis, to help with difficult
treatment decisions, and to optimize treatment, espe-
cially by predicting the post-treatment changes. Several
studies recently showed the applicability of CFD for
hemodynamic analysis before the treatment procedure.
Wang et al. conducted CFD simulations of patient-
specific total cavopulmonary connections (TCC) that
were used for the surgical repair of single ventricle
heart disease.”> They revealed that complex flow
structures were related to hemodynamic performance
and to the surgical outcome of a TCC. Energy loss in
the TCC poses the same problem for the heart as a
CoA, both of which are congenital heart diseases.
Marsden et al. proposed including transient boundary
conditions with varying levels of patient exercise in
their CFD model. The obtained time-resolved flow
field was used to evaluate respiratory and exercise ef-
fects on the local hemodynamics within a TCC.'”
Based on these data, they were able to quantify the
hemodynamic efficiency of Fontan geometry under
different exercise conditions, noting that further
development of their technique ““[...], could be used in
deciding the course of treatment for a particular pa-
tient”. Corno et al. proved in a combined (CFD, ani-
mal and in vitro model) study that an assisted Fontan
procedure was able to improve hemodynamics (pul-
monary flow increase).* Besides evaluating local
hemodynamics in vessels and bypasses, CFD calcu-
lated flow parameters can also be used in conjunction
with specialized optimization algorithms to improve
surgery and surgical equipment or to prove a new
hypothesis. Marsden published a comprehensive re-
view of the potential and difficulties of CFD-driven
optimization programs for medical engineering, citing
bypass grafts, stents and Fontan junctions as exam-
ples.>!'® Their development can significantly benefit
from simulation-driven optimization. Some recent
studies attracted broad interest, focusing on CFD
application in patients with CoA, which is considered a
simple disease.'® LaDisa er al., for example, performed
different CFD simulations comparing the hemody-
namics of one normal, two pre- and two postoperative
CoA patients.® By comparing the flow fields of the
pre- and postoperative and normal aortas, they re-
vealed abnormal wall shear stress (WSS) patterns in
both preoperative and postoperative CoA geometries,
concluding that ““[...] restoring favorable anatomy may
not restore normal hemodynamics”. Furthermore,
Olivieri et al. focused his study on different types of
postoperative CoA, and showed that geometric varia-
tions result in flow separation variation causing dif-
ferences in WSS values along the aorta.”! WSS is the

major hemodynamic parameter associated with
abnormal flow conditions and responsible for the
pathological wall remodeling. Midulla et al. investi-
gated blood flow within a thoracic stent graft.'® He
found different maps of flow and WSS in different
patients, and stated that MRI-based CFD can model
aortic hemodynamics for clinical problems. For
example, Humphrey noted that the vessel shape is
adapted to strive for an optimal WSS.' Chiu and
Chien showed that low and/or disturbed WSS results
in changes in the endothelium that subsequently result
in a vulnerable vessel wall that promotes thrombus
formation and atherosclerosis development.”

The great interest in CoA is due to the known fact
that treatment of the CoA by surgery, endovascular
stent placement, or balloon angioplasty cures the
blood pressure gradient between the upper and lower
extremities, but in the long-term prognosis systemic
hypertension frequently persists and is associated with
a set of complications (stroke, aneurysm formation
and coronary artery disease) known to decrease overall
life expectancy.” The use of CFD in congenital heart
disease was recently reviewed by DeCampli et al.”

The specific aim of this study was to prove the ability
of MRI-based CFD tools to improve post-treatment
hemodynamics in patients with coarctations of the aorta
(CoA) compared with a clinical decision alone.

MATERIALS AND METHODS

Patient Data

The study was performed using data obtained from
13 consecutive patients (6 males, 7 females) with aortic
coarctations (three native and the rest re-CoA) treated
in the Department of Congenital Heart Disease and
Pediatric Cardiology at the German Heart Institute in
Berlin, Germany between October 2011 and January
2013. The age range was between 14 and 52 years
(mean age of 25 & 14 years). All patients had clinical
indications for catheterization from the preceding
Cardiac Magnetic Resonance study. The mean degree
of stenosis (DS) was 54.8 + 19.21% relating these
patients in the mid-sized stenosis group. The mean
geometric length of the stenosis was 36.0 & 8.5 mm.
The DS was defined as a ratio of cross-sectional areas:

DS =100% x (1 — Ag/A4,),

where A is the cross-sectional area at the stenosis and
A is the cross-sectional area at the descending aorta
measured approximately 150 mm downstream of the
aorta inlet. This is a location normally used in clinical
practice as a reference value for stenosis enlargement
(target post-treatment diameter). All patients were
treated with the implantation of a bare CP Stent™
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pre-mounted on a BIB® (ballon in ballon) Catheter
(NuMED 1Inc., USA), except one patient who was
treated with balloon angioplasty and one patient who
remained untreated. The treatment is done during
catheterization, which includes biplane angiography
imaging with a contrast agent and pressure measure-
ments. The x-ray projection images are used to analyze
diameters of the aorta and the length of the coarcta-
tion. The size (diameter and length) of the selected
stent is based on these size evaluations and the site of
the CoA. The length of stents used varied between 16
and 45 mm (mean length of 30.69 £ 8.10 mm). Due to
treatment, the diameter of the aorta at the stenosis
was significantly enlarged from 10.3 & 2.14 to
16.0 & 2.55 mm diameter (p = 0.00, the paired stu-
dent’s f-test according to the Kolmogorov—Smirnov
test). We consider the current treatment procedure not
optimal, since the stent diameter is selected according
to the diameter of the descending aorta. This, however,
does not take into account the tapering of the aorta
with the significantly different mean diameters of the
ascending and descending aortas (26.4 + 5.18 vs.
16.2 £ 3.15 mm, p = 0.00, paired student’s -test for
normally distributed data) measured in our patients.

The local Institutional Review Board followed the
ethical guidelines of the 1975 Declaration of Helsinki.
Approval was obtained and informed consent was gi-
ven by the patients and/or their guardians.

The present study is based on the data of the same
cohort of patients used in a recently published study.’
This paper describes in detail the imaging data, pro-
tocols, device used, segmentation and geometry
reconstruction. Briefly, the study is based on 3D whole
heart MRI (3DWH) data used for the anatomy
assessment and flow-sensitive 4D velocity-encoded
magnetic resonance imaging (4D VEC-MRI) data used
to set the boundary flow conditions. MRI-measured
flow rates in the ascending aorta just above the sino-
tubular junction and in the descending aorta were used
to determine the peak systolic inlet flow rate assuming
a plug inlet velocity profile. At the same time, the flow
rate in the descending aorta was used to set the outflow
boundary conditions. The difference between flow
rates in the ascending and descending aortas was dis-
tributed between side branches of the aortic arch
according to cross-sectional area relationships.'

The anatomy of the aorta was segmented and
reconstructed with the software ZIBAmira (Zuse
Institute Berlin, Germany) as described previously.®
MRI-based flow data (flow rates in the ascending and
descending aortas) were analyzed using GTFlow 1.6.8
software (Gyrotools, Zurich, Switzerland).

The present CFD study used the same working
pipeline as the previous study.” In this clinical valida-
tion study, CFD-predicted pre- and post-treatment
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peak systole pressure drops through aortic coarctation
were successfully validated against catheterization-
based pressure measurements. In our earlier study, we
showed a good correlation between MRI-measured
and CFD-calculated flow fields, as visualized by path
lines.® Briefly, patient-specific steady peak systole flow
conditions were analyzed with the software ANSYS®
Fluent® 14.5 (ANSYS Inc., USA). A non-Newtonian
blood model was applied using an adapted power law
model as described earlier,?® assuming a blood density
of 1050 kg/m?, hematocrit value of 40%, blood tem-
perature of 37 °C and total protein albumin difference
value of 27 g/L. A k- SST transition turbulence
model assuming low aorta inlet turbulence intensity of
5% was used. This turbulence model has some limi-
tations for the assessment of turbulence parameters.
The major hemodynamic parameters evaluating CoA
in clinical practice (the pressure drop) is, however,
independent of turbulence parameters.'!! The used
turbulence model is also correctly asses mean velocity
field and thus WSS.** At all outlets far from the
coarctation, the Fluent-implemented outlet boundary
condition “outflow” applying a zero diffusion flux for
all flow variables and an overall mass balance correc-
tion was used. This means that the conditions of the
outflow plane are extrapolated from within the domain
and have no impact on the upstream flow. We checked
also the absence of recirculations at all outlets. Pre-,
post- and virtual treatment simulations were per-
formed with the same flow conditions measured pre-
treatment by MRI. High quality unstructured volume
meshes accounting for =2 Million cells varying with
the volume of the aorta were fabricated with the
Gambit software (ANSYS Inc., USA) following
requirements of the simulated flow regime (turbulence)
and a previous mesh independence study. A double-
precision solver with the second-order discretization
scheme and SIMPLEC for the pressure—velocity cou-
pling was used. Convergence criteria were set to
residual errors <107

The statistical analysis of morphometric and
hemodynamic parameters was conducted with SPSS®
software (version 21, IBM Inc., USA). Data are ex-
pressed as the mean =+ the standard deviation (SD).
Significance was assumed to be p < 0.05 for all tests.

Virtual Treatment

The fabrication of the virtual treatment geometry
was aligned with the segmented label field of
MRI-based (Fig. la) pre-treatment aorta anatomy.
The working pipeline was developed with the software
ZIBAmira and visualized in Fig. 1. The label field of
the pre-treatment anatomy (Fig. 1b) was first used to
generate the smoothed triangulated surface of the
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FIGURE 1. Workflow of the virtual treatment procedure using MRI data (a), the segmentation procedure (b), geometry surface
generation (c), center line analysis including surface distance (diameter) calculation (d), virtual treatment (new course and
diameter enlargement of the aorta) (e), label field of the treatment generation and the merging of the pre-treatment label field (f) with
the final geometry generation, including the smoothing procedure (g). The diameter course (e) includes pre-treatment (red line),

post-treatment (blue line) and virtual treatment (green line) data.

aorta (Fig. 1c). This same label field was also used to
automatically generate the aorta’s center line. The
surface distance tool automatically calculated the
averaged cross-section radii of the aorta along the
center line (Fig. 1d). The resulting radius curve is used
to propose a virtual treatment aiming to reconstruct
the smooth tapering course of the radius curve as
shown in Fig. le (green line), while at the same time
keeping the length of the treated segment as short as
possible. In contrast, the clinical treatment procedure
tried to enlarge the stent to the constant diameter of
the descending aorta, as shown in Fig. le (blue line).
The label field of the virtual treatment segment with a
resolution of 0.7 x 0.7 x 0.7 mm® was then generated
using the 3D center line course of the pre-treatment
label field and the diameters of the corresponding
green line. Afterwards, both label fields were merged
(Fig. 1f) and a smooth surface of the virtual treatment
geometry was generated as a result. Figure 1g shows

both reconstructed surfaces of the pre- and virtual
treatment (partially transparent surface visualization)
geometry.

RESULTS

Virtual treatments of aortic coarctations caused
significant dilatation of the stenosis diameter from
10.3 + 2.14 to 18.7 + 3.24 mm. The virtual stenosis
enlargement was approximately 1.5 times higher than
was achieved by a patient treatment with an average
target diameter for the stenosis of 16.0 £+ 2.55 mm.
The average length of the treated aorta segment was
92.7 &+ 30.99 mm or three times the average stent
length (30.69 + 8.10 mm).

On average, virtual treatment allowed an improve-
ment (reduction) in the pressure drop through aortic
coarctation by an additional 2.8 + 3.15 mmHg com-
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pared with the pressure drop reduction achieved
through clinical treatment (6.7 & 5.58 mmHg post-
treatment pressure drop as calculated by CFD). The
improved pressure drop was achieved in a majority
(10/13) of cases. Figure 2 represents pre-, post- and
virtual treatment courses along the aorta’s length of
relative static pressures and aortic diameters.
Furthermore, we analyzed the average cross-sec-
tional WSS values at the stenosis segment. The stenosis
segment was defined at 20 mm aortic length upstream
and 40 mm aortic length downstream of the stenosis
site. Figure 3 shows cross-sectional WSS curves aver-
aged (mean and median curves) over all 13 cases of
aortic coarctation investigated. Virtual treatment sig-
nificantly reduced cross-sectional peak WSS at the
stenosis site relative to both pre- and post-treatment
situations: virtual treatment 34.9/35.0 + 15.15 Pa
(mean/median + SD)  vs.  pre-treatment  17.5/
12.6 + 13.51 Pa (p = 0.00) and post-treatment 11.8/
7.5 £9.99 Pa (p = 0.00) by the paired Wilcoxon test
and/or Kolmogorov—Smirnov test. Analysis of the
WSS values for the segments was carried out by
averaging the mean and median curves shown in
Fig. 3. This analysis also found a significant reduction
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in WSS (p < 0.05, paired student’s z-test and/or Kol-
mogorov—Smirnov test) suggested by virtual treatment
for both pre- and post-treatment situations (Table 1).
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FIGURE 3. Cross-sectional WSS courses (pre-, post- and
virtual treatment) averaged (mean—solid line and
median—dotted line) over 13 cases. The averaging included
an alignment of all patient-specific WSS courses: all stenosis
sites were aligned with the 20 mm location.
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FIGURE 2. Representation of pre-, post- and virtual treatment geometries (pre—grey color; post—transparent blue color;
virtual—transparent red color) as 3D overlapped surfaces (a), WSS distributions of pre- (b), post- (¢c) and virtual treatment (d)
geometries. Curves show averaged cross-sectional courses of static pressures (solid lines) and WSS values (dotted lines) along
the aorta center line (e). Black lines represent pre-treatment hemodynamics, whereas blue and red lines represent post- and virtual
treatment situations, respectively. An improvement of hemodynamics from pre- to post- and virtual treatment is seen.
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The improvement (reduction) in WSS in the stenosis
segment 60 mm in length as proposed by virtual
treatment instead of the post-treatment option corre-
lates significantly (p = 0.00) with the reduction in
pressure drop. The linear regression analysis found a
Pearson r-square coefficient of r* = 0.83.

DISCUSSION

The study compares peak systole hemodynamics
(pressure drops and WSS) calculated by CFD in pre-
treatment, post-treatment and virtual treatment
geometries in 13 patients with coarctations of the
aorta. We found that virtual treatment as proposed by
engineers could significantly improve the pressure drop
and aortic WSS if compared to both pre- and post-
treatment situations. The improvement of the pressure
drop relative to the post-treatment geometry, however,
is relatively small considering the accuracy of cathe-
terization. This is also because the post-treatment
geometry usually exhibits a very small rest-stenosis
along with a low pressure drop.'" The accuracy of
catheterization pressure measurement should be below
3% as per the ISO norm (IEC 60601-2-34:2000). This
would mean an accuracy of 3.6 mmHg for each
120 mmHg of pressure measured. Consequently, the
improvement in the pressure drop proposed by virtual
treatment cannot be validated as opposed to clinical

practice (post-treatment) using the catheterization
technique. Current clinical threshold levels for re-
intervention are also usually higher. However, it re-
mains unclear how an additional reduction in the
pressure gradient would contribute to a longer period
between interventions, as this would also decrease
hospitalization and interventional risks for the indi-
vidual patient. Also, catheterization is currently the
clinical reference standard for treatment decisions and
evaluation.

In contrast, the impact of virtual treatment on WSS
improvement was much higher. This is not surprising,
since WSS is known to be the most sensitive parameter
compared to pressure or velocity fields.”> The WSS
could be accurately assessed only by CFD, thus chal-
lenging the validation of our findings in clinical set-
tings.

The improved hemodynamics due to virtual treat-
ment has a price: the target diameter of the stenosis
enlargement in virtual treatment was on average
2.7 mm larger than that of post-treatment. Further-
more, the length of the segment treated virtually was
much higher (three times) than the stent length used.
This kind of a treatment procedure also means a
higher treatment risk. The average stent length cor-
relates very well with the geometric length of the
stenosis (30.7 vs. 36 mm). The analysis of average
cross-sectional WSS curves (Fig. 3) shows that the
impact of the stenosis on WSS (WSS increase) is

TABLE 1. WSS values averaged over all investigated cases and stenosis segments.

Pre-treatment (Pa)

Post-treatment (Pa) Virtual treatment (Pa)

21.5 + 5.68
24.5 £+ 6.11

Mean curves
Median curves

145 £ 2.19
11.3 £1.82

11.4 + 0.62
7.5+ 0.67

pre-treatment

0 1 m/
[ |

FIGURE 4. Representation of path lines color-coded by velocity magnitude for pre-, post- and virtual treatment simulations of one
patient. The path lines show that a treatment procedure (clinical decision) does not completely eliminate the post-stenosis
recirculation region. This was, however, achieved following the virtual treatment. Black arrows mark recirculation regions.
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FIGURE 5. (a) Two cases of the pre- (grey color), post- (transparent blue color), and virtual treatment (transparent red color)
geometries with very complex courses of the aorta corrected by virtual treatment. (b) Average cross-sectional courses of static
pressures (solid lines) and WSS values (dotted lines) along the center line for the first case shown above. Black lines represent pre-
treatment hemodynamics, whereas blue and red lines represent post- and virtual treatment situations, respectively.

much higher. The WSS increase was observed aver-
aged along a segment at least 60 mm in length.
Hence, if the treatment procedure aims to improve
WSS and restore physiological WSS, a much longer
segment of the aorta should be treated. The signifi-
cantly larger aortic segment proposed for treatment
by engineers is associated with another open question
in this study—the treatment option. In some cases,
virtual treatment could not be realized by intravas-
cular treatment (stent placement and/or balloon
angioplasty): a longer stent could in some cases cover
an ostium of an aortic arch side branch that is
deemed dangerous for a patient. In these cases, sur-
gical treatment (e.g., resection, end-to-end anasto-
mosis, or patch aortoplasty) associated with longer
hospitalization and more complications® would have
to be considered. A use of the aorta prosthesis
(e.g., Vascutek® Gelweave™ Plexus Grafts, Vascutek
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Ltd., UK) allows replacing surgically the whole
deceased aorta including also the aortic arch.

In this study, the primary WSS analysis was focused
on the average cross-sectional WSS values, which were
pathologically increased due to stenosis. There is also
another aspect, a development of the post-stenosis
recirculation regions associated with very low WSS
values. Recirculation regions are well known to be
associated with abnormal hemodynamics. We stated
that treatment procedures eliminated the post-stenosis
recirculation only in few cases. In contrast, the virtual
treatment procedure was able to eliminate or signifi-
cantly reduce this flow feature in all 10 cases where vir-
tual treatment improved hemodynamics compared to a
post-treatment situation. Figure 4 exemplifies such an
improvement. In some cases, the significant improve-
ment in the aortic hemodynamics was achieved due to a
correction of the aortic course (Fig. 5a). Figure 5b
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shows the significantly improved hemodynamics due to
a virtual treatment proposed by an engineer. This is
because flow recirculation develops not only behind a
stenosis. Curved or kinked vessel segments could also
promote this abnormal hemodynamics. This also ex-
plains why, in two cases, virtual treatment did not im-
prove hemodynamics compared to a clinical post-
treatment situation. Virtual treatment improved hemo-
dynamics only in 10 out of 13 of the cases. In a third case,
the clinical decision was simply ideal. The elimination of
the recirculation region at the stenosis segment could be
a good treatment target and thus validation parameter
for treatment success. This can be assessed non-inva-
sively by a 4D VEC-MRI and thus used to prove the
advantage of CFD-based virtual treatment.

The CFD study is associated with some limitations
due to technical (clinically measured patient-specific
flow parameters), physiologic or software-related er-
rors. These limitations possibly affecting the CFD re-
sults were discussed extensively in earlier studies.' %"
Finally, the findings presented here only represent a
change in aortic hemodynamics due to a change in the
aorta geometry (treatment of the coarctation). All
other effects of treatment (possible change in cardiac
output, flow rate ratio between the descending aorta
and side branches or aortic compliance, which also
affects flow rates) were not considered in this study.
The focus of this study was a peak systole hemody-
namics. The differences in hemodynamics found
between pre-, post- and virtual treatment geometries
could differs during other phases of the cardiac cycle.
In future studies the analysis of the cardiac cycle
assessing time-dependent flow characteristic is plan-
ned.

CONCLUSION

CFD-based analysis based on non-invasive patient-
specific imaging data, for example MRI, has a huge
potential to improve post-treatment hemodynamics
associated with poor long-term prognosis of patients
with CoA. The target parameter to be improved by
CFD is WSS, whereas the target diagnosis parameter,
the pressure drop, is less sensitive at very low degrees
of stenosis. The impact of the WSS improvement for
patient outcome should be proven in a long-term
clinical study.
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