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Background: Based on CT image data, a computational fluid dynamig§ (CFD) el of the aortic arch

was established. We aimed to investigate the hemodynamic features ass with end-to-side anastomosis

(ESA) surgery for coarctation of the aorta (CoA) by CFD model.

Methods: The data of enhanced CT two-dimensional medical'images obtained through clinical practice

were processed using medical image post-processing so . The -dimensional model of the aortic

arch was obtained through the geometric model and boun@ary coadition. This was subsequently transformed

into a CAD model, which can be used for simulation calcul

Results: The CFD model accurately reflected thi

results before and after ESA for CoA.

Conclusions: The CFD model provid

of the aortic arch, and produced the hemodynamic

rtual éxecution platform for the scientific research of aortic

arch disease and will be helpful to evaluate ation plan, even to determine the best surgical procedure.

Hemodynamic analysis may be he to evaltdte the therapeutic effects of other aortic diseases.
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Introduction and its corresponding medical processing software, the

numerical simulation of blood flow by CFD method

With the development of computing technology, numerical has been widely popularized. Hence, the investigators

calculation has been widely used to simulate complex flows attempted to determine the right combination point and set

of various real shapes. The core task of computational reasonable calculation conditions, in order to numerically

fluid dynamics (CFD) is to solve the problem by numerical
discretization and solution approaches in order to obtain
the numerical solution of the discrete time/space points
in the flow field. Due to the strengthening of cooperation
among different disciplines, CFD has been widely used
in the fields of hemodynamic assessment, post-operative
regional blood flow evaluation and surgical simulation.

Based on the development of medical imaging technology
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simulate different surgical procedures for coarctation of the
aorta (CoA), and further analyze the indexes. This would be
helpful for the surgeon to have certain sensory verification
before and after the operation, and select the best operation
plan. The general structure of the CFD software includes
three parts: pre-processing, solver, and post-processing (1).
Pre-processing includes the geometric model and mesh
partition (2). Solver mainly consists of the control equations
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Figure 1 Aortic arch constriction end-to-side aortic anastomosis. Basic a
the operation (C); corrected results (D). AAo, ascending aorta; DAg, descen

for determining the CFD method, the prope te
method, and the proper numerical calculation

carried out separately, and there is
these two.

CoA is a kind of the comm ngenital heart diseases.
Recently, surgery, percutane minal angioplasty
(PTA) are recommended as a

aortic coarctation. Such as surgical repair of CoA through

imary treatment for

left thoracotomy, balloon dilation, endovascular stent
placement. In clinical practice, once aortic constriction
is diagnosed, it can be treated by surgery with or without
symptoms. Balloon dilation and endovascular stent
placement are simple and have low mortality. From the
clinical point of view, balloon dilation can be used as an
alternative to the surgical treatment of aortic constriction.
The incidence of CoA in newborns is 0.2-0.6/1,000, and
accounts for 5-8% of all patients with congenital heart
disease (1,2). With the development of surgical procedures,
proper surgical correction in childhood has been considered
the first choice for the treatment of CoA. However, there
are controversies on the optimal management of CoA about
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omyf{A); the first stage of the operation (B); the second stage of

rta; DA, ductus arteriosus.

the choice of the best age for the operation; the effects of
different anastomosis procedures on the aortic arch flow,
and how to deal with related aortic arch hypoplasia (3).
End-to-side anastomosis (ESA) was one of the most ideal
procedures of ESA for CoA and tubular hypoplasia of
the aortic arch which was first proposed by Rajasinghe
et al. in 1996. The main procedure of ESA is to excise
the coarctation segment and expand the anastomosis
between the descending aorta and arch of the aorta. In this
process (4,5), all abnormal tissue of the aorta, such as ductal
and tubular tissues with incomplete development, are
completely removed (6-10) (Figure 1).

Based on computed tomography (CT) image data, a
CFD model of the aortic arch was established. Therefore,
we conducted this study to investigate the hemodynamic
features associated with ESA surgery for CoA by CFD
model in order to obtain the rules of individualized
treatment and assess the ESA program.

Methods

Our hospital is the largest children’s hospital in Henan
province. The clinical data were obtained from the medical
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Figure 2 Vascular morphology: pre-operation (A); post-operation (B). AAo, ascending aorta; DA

database which imported the data of thousands of surgical
patients each year. With the consent of the patients and
their parents, structural regional images were extracted
from the preoperative CT and magnetic resonance (MRI)
data. We collated and analyzed clinical data from the
medical database and started conducted this retrospectiv
study in May 2015. The research protocol was conducted
in accordance with the guidelines of the World
Association’s Declaration of Helsinki, and, per
following the approval of the Medical Ethi
Henan Children’s Hospital (No. 20140307).

Image data

In our study, we random d a patient with

preoperative and postoperative nosis of narrow aortic
arch and extensive anastomosis, data was obtained from
children who was 40 days old. The CT images were stored
in DICOM format, the slice gap was 2.5 mm, the two-
dimensional resolution of each layer was 512x512, and
the pixel size was 0.5 mm. Then, the CT images were
imported into the medical image post-processing software
Mimics 16.0 to reconstruct the 3D geometric model. On
the images, tissues, except for the aortic arch, were removed
using the automatic threshold segmentation method and
through manual separation. Hence, the three-dimensional
models of the structure, including the three branches of the
ascending aorta, aortic arch and descending aorta, as well as
the upper part of aortic arch (including the brachiocephalic
trunk, left common carotid artery and left subclavian
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etical analysis

or the properties of the materials, data were usually
provided by related biomechanical studies. The heterogeneity
and nonlinearity of the biological structures were usually
described in a homogeneous and linear manner in the
study. Although such simplification may affect the pressure
distribution in structural studies, it did not produce a
significant difference in the description of characteristics of
the whole model. It was assumed that the arterial blood flow
was a laminar, incompressible Newtonian fluid, the blood
vessels were rigid and non-permeable, without a sliding
on wall, and the elasticity and thickness of the arterial wall
were neglected (2). Newtonian fluid density p=1,060 kg/m’,
and the viscosity coefficient was p=4.0x10"" Pa.S. The
Navier-Stokes equation for the conservation of momentum
of incompressible fluid was solved by CFD calculation.

3 8 op 0
o)+ (o ) =L+ (o) =0 1
at(p”’)+a;(.(p”‘”f) = +%(pu,) (1]

J

Eq. [1]: 4, j =1,2,3; X represent the axis of the coordinate;
u;, u; represents the velocity vector; p represents pressure; y
represents the coefficient of viscosity; p represents density,
and t represents time.

Previous studies have revealed that the blood flow in the
aortic arch was a turbulent flow. Therefore, the most widely

F Thorac Dis 2018;10(12):6578-6584



Journal of Thoracic Disease, Vol 10, No 12 December 2018

used turbulence model, k-, was used to solve the complex
pulsating flow. The x-¢ formulae are listed as follows:
Eddy viscosity Eq. [2]:
2

k
wepC, = 2]

Turbulence momentum Eq. [3]:

ok, Ok _ow . 0, H |0k ;
P e T e T o |\ M e Ja, 5]

Energy consumption rate formula for turbulence Eq. [4]:

os ok & ou, g 0 i, | O

Ztpu—=C 1 L C pt—I| p+ | =

P P Tk e, ax_/{[” qjax_/}
(4]

Termination coefficients: C,, =1.44, C, =1.92,
Cy=0.09,0; =1.0,0, =1.3

Grid partition

The blood flow described by the numerical equation w
meshed using the commercial software ANSYS 14.0. The
tetrahedral mesh was divided into 1,049,540 unitspand
521,283 nodes before the operation, while the t

mesh was divided into 1,058,498 units and 5324355 n

Boundary condition

Boundary conditions were used_to de e parameters
of the model, and the relatio etween the model and
ent, the boundary
ively real data, because

its surrounding tissues. In the
conditions could be set based on re
when the boundary condition was inaccurate, it would lead
to false results (11). As much as possible, the clinical data
of blood flow and pressure were obtained and used. Mass
flow refers to the fluid mass passing through the effective
section of closed pipe or open groove per unit of time. In
our study, the mass flow of the ascending aorta before and
after the operation was obtained by analyzing the CT, and
the numerical data were extracted and stored in ASCII
format. In order to fully form the flow boundary layer at the
entrance and restore the outlet pressure, the investigators
expanded the up-flow area at the entrance to 20 times the
size of the ascending aorta. Furthermore, in the normal
flow direction, each branch unit was expanded by 60 times.
The flow of the pulsating mass represented the inflow. The
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zero pressure gradient and pressure wave were applied at
the exit (12).

Calculation

The CFD calculation methods based on the numerical
simulation mainly included the finite difference method,
finite volume method, finite element method and finite
analytic method. Among these, the finite volume method
had the best adaptability for the irregular area, which is
one of the most commonly used numerical methods for the
finite element flow field. The investigators assumed that the
blood vessels were set as rigid, impermeable, Newtonian
fluid, without sliding on the wall, and the twi-difference
algorithm was used alysis (2). The control equation

was used for pulsating tion.
Resul
In our stu e collated and analyzed clinical data from the

cal database and started conducted this retrospective
y i May 2015. We randomly selected a patient with
preoperative and postoperative diagnosis of narrow aortic

h and extensive anastomosis, data were obtained from
children who were 40 days old.

Based on CT image data, a CFD model of the aortic
arch was established. The results were the description of
the flow field and the distribution of the physical quantities.
The physical quantities involved in CFD included pressure,
velocity, shunt ratio (which is defined as the ratio between
the inflow volume through the shunt pipe and the inflow
volume through the inlet pipe) and energy loss (which is
defined as fluid energy as heat loss and dissipation). CFD
visualization supports the three-dimensional display of these
physical quantities.

As shown in Figure 34, hypoplasia of the aortic arch
was found before the operation, where blood flow had
difficulties in passing through the narrow blood vessels.
This led to higher pressure in the ascending aorta by
approximately 20 mmHg, while lower pressure was induced
in the descending aorta. The Figure 3B revealed that after
the operation, more uniform pressure was assigned to
the points in the aorta. In addition, it was observed that
the difference in pressure between the entrance and exit
after the operation was lower than that in the preoperative
model. These results reveal that ESA effectively reduced
the dense area of the pressure, and completely matched the
clinical measurements.
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Figure 4 Streamline distribution:

Table 1 The comparison of energy loss in a cardiac cycle between
pre-operation and post-operation

Model

Pre-operation Post-operation

Energy loss (mW) 3.76 2.85

Figure 44 presented the trend of the streamline of the
model before the operation. Figure 4B presented the trend
of the streamline of the model after the operation. The
highest dense area was located in the arch with hypoplasia.
This also appeared at the systolic peak value before the
operation in Figure 4A. It is noteworthy that sudden
changes in velocity may produce high energy losses in these
areas, while blood flow was relatively smooth after the
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operation. The Table 1 presented that the mean energy loss
decreased from 3.76 to 2.85 mW in a cardiac cycle and the
ESA procedure effectively decreased the workload of the
heart.

Figure 5 presented the shunt ratio before and after the
operation through the determination of the exit flow/entrance
flow. Before the ESA, the mass flow in the descending
aorta accounted for 45.9% of the total cardiac output.
After the operation, the proportion increased to 52.3% of
the total cardiac output. Due the influence of ESA (13),
the mass flow in both the innominate artery (IA) and left
common coronary artery (LCCA) decreased to a certain
extent. This result suggests that the symptoms caused by
lack of blood supply in children were relieved.

F Thorac Dis 2018;10(12):6578-6584
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Figure 5 Shunt ratio. DAo, descending aorta; IA, innominate
artery; LCCA, left common coronary artery; LSA, left subclavian
artery.

Discussion

The outcomes of our study presented that a CFD model
of the aortic arch was established based on CT image data.
ESA effectively reduced the dense area of the pressure,
and completely matched the clinical measurements. These
sudden changes in velocity may produce high energy losses
in these areas, while blood flow was relatively smooth afte
the operation. Besides, ESA effectively increased the_mass
flow in the descending aorta and the mass flow i
IA and LCCA decreased to a certain extent.

The ESA procedure for CoA can eff
the hypoplasia of the aortic arch by reconstrigting the
tissues. What
set as rigid

ely co

aortic arch and removing other ab

needs illustration is that blood vess
flow as laminar inflow rates—; ted elasticity of vessels
and flow fluctuates due to he d cyclic change of
intrathoracic pressure caused byespiratory movement.
Steady inflow boundary conditions may reduce the flow
complexity of flow features and decrease power losses
calculated. In addition, collateral flow might influence
results.

A former study conducted by Chen ez a/. (14) investigated
a hemodynamic model of aortic and ductal arches using
CFD and 3D/4D spatiotemporal image correlation (STIC)
fetal echocardiography. The results showed that the aortic
and ductal arch geometry and flow lead to the alterations in
flow profile, velocity, pressure, and wall shear stress (WSS)
in the aortic isthmus in normal and CoA models, which
are conductive of ductal issue migration into these areas.

Another former study conducted by Goubergrits et al. (15)
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found that peak systolic pressure drops can be reliably
calculated using MRI-based CFD in a clinical setting and
CFD might be an attractive noninvasive alternative to
diagnostic catheterization. However, the hemodynamic
features associated with ESA surgery for CoA by CFD
model remains unknown. Therefore, we conducted this
study and our study presented that the ESA surgery were
evaluated through the hemodynamic parameters, such as
pressure distribution, WSS distribution, energy loss, and
shunt ratio before and after the operation. These indicators
demonstrated that ESA is an effective method for the
treatment of CoA.

Furthermore, the results of the present study revealed
that pressure and energy loss decreased after the operation,

for co ative analysis. The visualization results of the

pressure ibution and streamline distribution of the
1 wall at blood flow in the two different states, and
odynamic parameters were obtained, such as energy
loss™in a cardiac cycle. Furthermore, this technique can
used for the simulation of end-to-end anastomosis
and the hemodynamic analysis of ESA with different
materials (17). Younoszai er al. (8) performed an 88-patient
intermediate term follow-up of ESAA for CoA. In their
study, they evaluated the procedure of ESA from the
viewpoint of clinical treatment and pointed out that the
ESAA was an efficacious surgical method for the repair
of aortic coarctation. The present study has great guiding
significance in establishing individualized operation
simulations and the assessment of the best surgical program.

Limitations

Firstly, the sample size of our study is limited and need
further research with large sample size. Secondly, the
comparison between MRI-based CFD and CT-based CFD
remains unknown and need further research. Thirdly,
different surgical strategies may have different outcomes. In
our study, no information about the difference between the
end-to-end surgery and end-to-side surgery was reported.

Conclusions

The CFD model provides a virtual execution platform for

F Thorac Dis 2018;10(12):6578-6584
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the scientific research of aortic arch disease and will be
helpful to evaluate the operation plan, even to determine
the best surgical procedure. Hemodynamic analysis may be
helpful to evaluate the therapeutic effects of other aortic
diseases.
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