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Aim: Coarctation of the aorta (CoA) is associated with post-operation deformation and abnormal
hemodynamics. The objective of this work is to quantify hemodynamic alterations with different vascular
structures of post-operation CoA with computational fluid dynamics techniques.

Methods: A total of 4 patients with different aortic shapes were included in the research: No.1=no stenosis;
No.2=slight stenosis (stenosis/descending=78.3%); No.3=moderate to severe stenosis (stenosis/descending=
55.7%) and No.4= angular aortic arch. MR axial images were adopted and phase-contrast sequence provided
the inlet velocity-time curve. A three-dimensional model for simulation was modeled by Mimics 17.0 and Fluent
15.0 was applied to simulate the blood flow within the thoracic aorta. Measurements of relevant hemodynamic
parameters included streamline, wall pressure and wall shear stress (WSS).

Results: The hemodynamic parameters of thoracic aorta at three-time phases were demonstrated. Compared to the
patient with normal arch, the stenosis site had higher velocity, wall pressure and WSS, but reduced after stenosis.
Patients with minor stenosis had less vortex and turbulence, usually at the site of dilation after stenosis. The
impinging velocity jet could be less severe as well. For patient with angulated arch, the vortices and turbulence could
be more severe and began from the arch to the distal region of the descending aorta. WSS usually got lower in the
place where vortex occurred, but in the vortices with higher velocity, the pressure and WSS would turn higher.

Conclusion: With more severe deformation of the big arteries, the hemodynamic change of blood flow was more
obvious.
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INTRODUCTION

Coarctation of aorta (CoA) is the most common congenital heart
defect, with the incidence rate of about 9% of congenital heart
defect annually.! With surgery or intervention treatment at an early
age, patients usually have good prognosis of low mortality and
normal cardiac function.** Unfortunately, long term morbidity for
this population remains higher than normal population, due to the
following complications: restenosis, aneurysm formation and
hypertension.”> Some researches have postulated that altered
vascular structure would lead to hemodynamic changes and
aggravate the damage of vascular wall, but the concrete
mechanisms remain unclear.*” How to evaluate the hemodynamic
abnormality quantitatively is also a challenge.

Computational fluid dynamics (CFD) technique has been
conducted in the hemodynamic assessment for great arteries
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successfully in a series of studies. Based on the anatomic data
obtained from routine CT or MR images, CFD can be used to
extract 3-dimensional subject-specific anatomy of the target vessels,
and simulate the vascular biomechanism with multiple parameters.®
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Although this approach has been applied to Glenn, Fontan
procedure, as well as CoA surgery, the link between altered indices
and different types of aortic deformation is still elusive.*'

The objective of this work is to quantify the hemodynamic
changes with different vascular structures of post-operation CoA,
which contributes to further understanding of the pathologic effect
for abnormal hemodynamics and identifying patients that need
further treatment in the follow-up.

METHODS
Demographics

Four patients were included, all experienced end-end anastomosis
surgery for CoA at the infantile period. The averaged surgery age
was 4.66 1 3.17 month-old and averaged age for MRI was 104.45+
13.77 month-old. All the patients were male. The institutional
review board approved the study and informed consent was
obtained from all the patients’ guardians.
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Figure 1. 3D simulated model of MRA data from four patients. Velocity-
time curve was produced by MRI PC sequence for inlet flow setting,
measured in end-systolic phase, middle-diastolic phase and end diastolic
phase.

MR and phase-contrast (PC) sequence

Oral sedation was administered and saline-filled intra-venous
access was inserted into the vein for contrast injection. A dose (0.2
mmol/kg) of gadolinium (Gd; Omniscan gadodiamide; GE
Healthcare, Princeton, NJ) was injected at the rate of 2 ml/sec. All
the patients underwent anatomic MR and PC sequence for CFD
modeling. MR was performed on a 1.5T MR (Avanto, Siemens,
Erlangen, Germany). Participants were instructed to hold their
breath during the MR data acquisition period when age and ability
permitted.

Blood flow information for CFD was acquired by using a
retrospectively  electrocardiogram-gated  free-breathing PC
sequence, with typical imaging parameters as follows: repetition

time /echo time, 30/2 msec; flip angle, 30°; section thickness, 5 mm.

Planes were set 1cm upper ascending aorta root and perpendicular
to the flow. Velocity encoding was varied in 200-250 cm/s
according to the vessels."

CFD simulation

Every simulation took about 6-8 hours. Rough segmentation of the
aorta and 3-dimensional models for CFD simulation of the aorta

212

Journal of Advances in Health 2019;1(3)

and the branches were then created using Mimics 15.0 (Materialise
Co., Belgium) by inputting patient-specific MR data for volume
visualization. Simulations were performed using a novel stabilized
finite element method to solve the conservation of mass
(continuity) and balance of fluid momentum (Navier-Stokes).
Vessels were assumed as rigid and blood to be a Newtonian fluid
with a density of 1.06 g/cm® and a viscosity coefficient of
0.004N/m?s. Computational meshes contained more than 4 million
tetrahedral elements and localized refinement was performed.
After that, files were put into Fluent 15.0 (Ansys, Canonsburg) for
simulations for 3-5 cardiac cycles until the flow rate yielded
periodic solutions. Results for blood flow streamline, wall pressure
(WP) and WSS were measured in three-phase (end-systolic phase,
middle-diastolic phase and end-diastolic phase), through the
ascending aorta (aAo), aortic arch (AA), as well as descending
aorta (dAo) till the diaphragmatic level. The blood flow
streamlines, color-coded pressure field and detailed local WSS
maps were demonstrated and compared among the four patients.

Inflow Boundary Conditions

Velocity-time curve from PC sequence was used for CFD as inlet
setting, using a temporally varying parabolic curve. Flow to
branches was estimated from a known relationship between their
diameters and aAo.’

RESULTS
Anatomic features

Maximum intensity projections of the MR data were got for the
four patients. No.1=no stenosis with normal "Romanesque" arch
geometry, acting like normal patient; No.2=slight stenosis at the
site of anastomose (stenosis/descending=78.3%); No.3=moderate
to severe stenosis (stenosis/descending=55.7%) and No.4= angular
(Gothic) aortic arch with slight stenosis, which meant the existence
of tortuosity and augment of the AA. A region of post-stenotic
dilation was consistently observed for No.2, No.3 and No.4.

CFD simulation results

Anatomic and hemodynamic assessments were captured in CFD
simulations. Blood flow streamlines, WP and WSS were displayed
for each patient in three phases.

Streamlines during the three phases were shown in Fig. 2. The
first patient presented advection mainly and some small vortex at
the sites of bifurcation. The flow pattern in No.2 and No.3 were
different from the first one. We could found vortices beginning
from the dilation section after the stenosis and extending along the
dAo, especially in the diastolic phase. The velocity distribution was
unequal. Peak systolic velocity was generally parabolic throughout
the stenosis with values reaching to 2.29m/s (No.2) and 2.95m/s
(No.3). The No.3 patient had more severe turbulence through the
whole aorta, including big vortex and regurgitation affecting long
distance of dAo. The restenosis also introduced a velocity jet that
impinged on the downstream posterior wall in No2 and No.3. As
for the No.4 patient with angulated AA, blood acceleration across
the distorted region produced complex downstream swirling and
recirculation. The vortex was even more severe through all dAo
and reached higher velocity.

Simulation WP was higher in the ascending aorta and the
bifurcation, for No.l patient. Decreased WP gradients could be
found through the AA and the dAo. The posterior of the vessel
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Figure 2 Blood flow streamline map from four patients in end-systolic
phase, middle-diastolic phase and end diastolic phase.

usually had higher pressure than the anterior part. For No.2 patient,
the similar pattern of distribution could also be found, and the WP
also increased at the stenosis (1606Pa in the systolic and 55.98Pa in
the diastolic). For the No.3 patient, systolic WP increased in the
back part of the dilated section after the stenosis, reaching to 605Pa
in the systolic and decreasing most in the diastolic phase (22.58Pa).
Substantial increases in systolic WP were also observed in No.4
patient, however, appearing in the aAo and AA (702.6Pa). And also,
this part dropped a lot in the diastolic phase (11Pa), on the
contrary, pressure through the dAo got higher. The peak WP in the
dilated part was located in the ventral part, according to the jet
angle changed.

WSS distributions for the three patients were consistent with the
flow patterns mentioned above (Fig.3). Narrowed aortic regions
were generally exposed to higher WSS, which were more
pronounced for the severe CoA patient (28.6 in systolic phase)
than the slight patient (9.79 in systolic phase). Low WSS usually
appeared in the region of bifurcation and turbulence. However, for
No.3 and No.4 patients, the dilated part and the AA demonstrated
higher WSS in the diastolic phase according to the higher WP and
velocity inside the big vortex.

DISCUSSION

Despite CoA patients may be resolved through a number of
surgical approaches, long-term morbidity still will be developed,
the most notable of which are restenosis and hypertension.'
Eccentric hemodynamics reduced arterial compliance, gene
expression abnormality and renin-angiotensin system activity may
all contribute to this situation.'>™*

Different local vascular geometry can be revealed in treated CoA
patients, including stenosis, angulated arch, augmentation,
shortening and high strain.'>¢ It has been postulated that the aorta
and its branches will adapt to maintain appropriate vascular wall
stress by vascular remodeling, including thickening through the
internal and medial lamellar, changing the caliber and adjusting
the compliance.”'” However, the local morphology and
image-based quantification presented in this work suggested that
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Figure 3 Wall pressure of four patients in end-systolic phase, middle-
diastolic phase and end diastolic phase.

systolic phase mid-diastolic phase diastolic phase

Figure 4 WSS of four patients end-systolic phase, mid-diastolic phase
and end diastolic phase.

the morphology abnormality might play a key role in the
hemodynamic alteration.

The current investigation introduced a coupled computational
and imaging technique. CFD is a useful tool to assess detailed
hemodynamic and biomechanic ramifications as well as to
facilitate surgery planning through virtual surgery.'®!* The method
is based on data obtained from routine clinical exams and used in
combination with CFD software to generate temporally and
spatially varying parameters that are hard to obtain through most
of the conventional techniques available, such as digital subtraction
angiography or cardiac echo.

In our research, CFD was used to obtain detailed spatiotemporal
quantification of flow, the pressure to the vascular wall and WSS in
the aAo, AA and dAo, offering several key findings in the following.
In normal patients’ flow patterns attached to the luminal surface,
multiple and small helical flows would develop in the bifurcation
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area. However, these patterns altered according to the aggravated
restenosis and deformation with more and bigger helical flows
appearing spiraling along the descending aorta with multiple
turbulence and regurgitation, usually more obvious in the diastolic
phase.”® The angulated and augmented arch would present more
severe turbulence with border scope. Severe stenosis would have
higher peak systolic velocity values, likely due to the small
dimension in this region, and produce jet flow with higher
pressure to the vascular wall.

In several studies, areas of low WSS were proved to be found
in areas of turbulence, and these sites are correlated with those
prone to atherosclerotic plaque development.?"*> The general
patterns of WSS reported in our research corresponded well
with the available data. However, inside the big vortex for
severely deformed vessels, higher velocity and heterogeneity
usually appear, resulting in higher WSS and WP, due to the
striking of the flow. The impinging jet through the severe
stenosis would also lead to higher WSS and WP at the vascular
wall struck. Meanwhile, at the site of stenosis with higher
velocity, WSS and WP also showed higher values according to
the degree of stenosis. In fact, abnormal WSS, including higher
and lower values, are all correlated to vascular wall injuring and
arteriosclerosis process.?

Our research had several limitations. Only four patients were
included and the relationship with clinical data was not discussed.
Many important technical settings should be considered in the
CFD procedure, including realistic outflow boundary conditions,
fluid-structure interaction, elastic vascular wall setting, and a
number of additional technical advancements in CFD.***
Although comparisons between patients were reported here,
further studies should be conducted for the biological effect of
hemodynamic force. Nonetheless, the results of our study are
exciting and will likely lead to future investigations.

CONCLUSION

In summary, we reported the details characteristics of dynamic
alterations with different geometry of post-operation CoA patients.
The CFD is highly reproducible and combines clinical imaging
data and novel computational modeling tools. Treated CoA
patients are likely exposed to abnormal flow patterns, which may
influence the function of the vascular wall. Thus, the current
approach may be used to determine sites of atherosclerotic
susceptibility before clinical apparent.
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