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Abstract

Purpose—Distal re-entry tears play a significant role in false
lumen (FL) thrombosis, which will strongly affect the
postoperative long-term survival of patients with type B
aortic dissection (TBAD) after thoracic endovascular aortic
repair (TEVAR). This study aimed to investigate the
influence of a peculiar morphological parameter of the
residual re-entry tears in TBAD patients after TEVAR on
long-term FL thrombosis using the computational fluid
dynamics.
Methods—Ideal population-based three-dimensional models
of post-operative TBAD were established. Numerical simu-
lation was performed to investigate the hemodynamic dif-
ferences caused by different tear features, including the tear
count, the maximum distance between tears, and the tear
area.
Results—Although the low relative residence time (RRT)
area did not change significantly when the tear distance was
fixed, the area of oscillatory shear index (OSI) > 0.45 and
endothelial cell activation potential (ECAP) > 1.5 decreased
significantly with the tear count and area increased and a
dramatic increase in blood flow into the FL was also
observed. When tear count and total area were fixed, for each
10-mm increase in the maximum distance between tears, the
area of low RRT in the FL increased significantly, while the
average pressure difference increased by 10.85%.
Conclusion—The different morphology of the re-entry tears
had different effects on the thrombosis-related hemodynamic
parameters in FL following TEVAR. and the number of re-

entry tears was most crucial to the potential thrombosis in
the post-TEVAR FL of TBAD patients.

Keywords—Type B aortic dissection, Hemodynamics,

Thrombosis, TEVAR, Tears.

INTRODUCTION

Acute type B aortic dissection (TBAD) is a severe
cardiovascular disease in which the intima of the
aorta is suddenly torn, causing blood flow within the
layers of the blood vessel and separating the inner
from the outer layer.23 In general, aortic dissection
involves more than one tear, and if aortic dissection is
not treated promptly or rightly, it can lead to com-
plications such as aortic dilatation, organ ischemia,
aortic rupture, and even death.25,31,44 Currently, tho-
racic endovascular aortic repair (TEVAR) is the
preferred treatment options for complicated
TBAD,9,22 aiming to cover the proximal tears, pre-
vent blood from entering the false lumen (FL), and
expand the volume of the true lumen (TL), in order
to restore the normal blood flow channel, promote
vascular remodeling, and enhance the formation of
FL thrombosis.8 However, given the uniqueness of
some tear locations and limited lengths of the stent,
not all tears can be physically covered during TE-
VAR. As a result, many patients still have distal re-
entry tears.
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Clinical studies pointed out that the distal re-entry
tears play a significant role in the TL remodeling and
FL thrombosis following TEVAR.21,35 Especially, the
tear count,3,7,34,37,40 area, and maximum distance of re-
entry tears were suggested to be the risk factors of
incomplete thrombosis in the post-TEVAR FL.37,43

However, due to the fact that the post-operative FL
thrombosis is a multi-factor outcome, it is difficult to
perform systematic comparisons between patients.
Moreover, because clinical statistics is greatly affected
by the sample size, different sample sizes may lead to
different analysis results. For example, Zhang et al.43

found that the large maximum distance between re-
entry tears would enlarge the FL and keep patent in
FL, which would result in bad long-term complica-
tions. However, Ab Naim et al.37 considered that large
distances would be prone to thrombosis in FL.

Hemodynamics is well known to play an important
role in thrombus formation.1,19 Moreover, the com-
putational fluid dynamics (CFD) method was reported
to capture flow features, wall shear stress-related
indices,32 and pressure distribution,5 which contribute
to the initiation and development of thrombosis but
these features are difficult to measure clinically. While
there have been a lot of hemodynamic analysis on
post-operative TBAD using patient-specific mod-
els11,12,30 which greatly help us to understand the
mechanism of thrombosis formation in the FL fol-
lowing TEVAR. However, up to now, there has been
no systematic investigation on the impact of the re-
entry tear morphology on the FL thrombosis, and the
individual impact of a particular tear parameter re-
mains poorly understood.

It is a common practice in cardiovascular research
to adopt an idealized geometry to qualitatively capture
and reflect the essence of the investigated problem.4,41

An idealized geometry based on the data analysis of
human anatomies represents the commonness of dif-
ferent human bodies can capture the main features and
properties of the structure and ignore their individu-
ality.4 Moreover, an idealized model makes it possible
to change one specific morphology feature at a time
while keeping the other factors constant. Such models
will help identify if and to which extent a specific factor
promotes the impaired hemodynamics.

Therefore, this study aimed to investigate the dif-
ferent influence of the morphology parameters of
residual re-entry tears on the tendency to thrombus
formation in the FL of TBAD after TEVAR. In par-
ticular, the influence of tear count, area, and maximum
distance between tears on local flow features will be
analyzed by CFD on population-based idealized three-
dimensional (3D) models.

METHODS

Establishment of Ideal Models

Based on the clinical observation and previous
studies, both the ascending aorta and the aortic arch
have a degree of distortion which exists in three
dimensions.17,36 Therefore, the ideal aorta models not
only contained the main branch of the aorta, the true
and false lumen but also took into consideration the
angulation of the aortic arch and the tortuosity of
descending aorta (Fig. 1d).

Also, the parameters of re-entry tears in 48 patients
were measured. These parameters were measured by
CT images within one week after TEVAR. The flow
chart of these patients was mentioned in our previous
research.16 The Ethical Review Committee of the West
China Hospital of Sichuan University approved this
research. Because this was a retrospective study, the
requirement of obtaining informed consent was
waived. Among them, the average tortuosity of
descending aorta was 0.05, the average area of each
tear was 18 mm2, the average maximum distance
between the re-entry tears was 40 mm, the average
number of re-entry tears was 2.8.

Finally, the ideal curved 3D model of the TBAD
aorta after TEVAR consisted of an ascending aorta
inlet and eight outlets including the innominate artery,
left carotid artery, left subclavian artery, celiac artery,
superior mesenteric artery, right renal artery, left renal
artery and abdominal aorta (Figs. 1a, 1b and 1c), and
the diameters of inlet and outlets were based on the
previous literature.41 In addition, the false lumen is
enclosed and connected to the true lumen through the
tears.20

Specifically, in group A (Fig. 1a), the total area of
the re-entry tears (36 mm2) and the maximum distance
between re-entry tears (40 mm) were kept the same for
all models. And the number of re-entry tears was set to
be 2, 3, 4, and 5, which are all located in the major
branches of the abdominal aorta.

In group B (Fig. 1b), the total number of re-entry
tears and the total area of re-entry tears (36 mm2) were
kept the same for all models. And the maximum dis-
tance between re-entry tears was set to be 10, 20, 30,
40, 50, and 60 mm.

In group C (Fig. 1c), the number of re-entry tear (2)
and the location of the re-entry tear were kept the same
for all models. And the area of each re-entry tear was
set to be 18, 23, 28, 33, and 38 mm2.

To make a fair comparison, the morphology of TL
and FL was the same in all models. And the shape of
the tears was simplified into a circle to eliminate the
interference of shape. The first re-entry tear in all
models was located 114 mm from the aortic bifurca-
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tion, which was obtained from the average distance
from the celiac trunk artery to the iliac artery in 48
patients.

Hemodynamic Analysis

Blood flow was assumed isotropic, homogeneous,
incompressible, and Newtonian, and the correspond-
ing governing equations are given as follows:

q @~uð Þ=@tþ~u � r~uð Þ þ rp� lr ^ 2~u ¼ 0 ð1Þ

r �~u ¼ 0 ð2Þ

where ~u and p represent the fluid velocity vector and
pressure, respectively. q and l are the density and

dynamic viscosity of blood given to 1050 kg=m3 and

3:5� 10�3kg/m s, respectively.
A velocity waveform at the inlet of the ascending

aorta as taken from the literature20 was set on the inlet
of all models, and the outlet adopted a three-element
Windkessel model.29 In the three-element Windkessel

model, the human circulatory system could be repre-
sented by the electrical circuit with three parameters
R1, R2, and C which represents the proximal resistance
of the aorta, the resistance of peripheral vessels and the
compliance of aortic walls respectively. The pressure of
outlets was obtained with the following equation20:

P ¼ R1 þ R2ð ÞQ� R2C
dP

dt
þ R1R2

dQ

dt
ð3Þ

Since the ideal model was used in this study, the
parameters of R1, R2, and C of all models were ad-
justed by matching the velocity waveform of previous
research until the systolic and diastolic pressures
reached 120/80mmHg through a Python code using the
methods in the literature.2

A rigid wall assumption and no-slip boundary
condition were assumed. In this study, ICEM (AN-
SYS, Inc., Canonsburg, PA, USA) was used for mesh
generation in all models, with a mixture of tetrahedral
and prism volume meshes. The boundary layer had an
element of 0.005 mm adjacent to the wall, progressively

FIGURE 1. Establishment of the idealized model after thoracic endovascular aortic repair and the setting of boundary conditions.
(Detailed aorta angulation and diameter was showed in D; A, B, and C represent sections between the true and false lumen and the
tear parameters of the different groups)
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growing over 10 layers to a total thickness of 1.1 mm.
The number of elements of a mesh ranged from 487568
to 495510 in these 15 models. The average differences
in the time-averaged wall shear stress (TAWSS) dis-
tribution between the standard and refined meshes
were less than 1% under steady conditions, and more
details were present in the supplementary material
(supplementary material Table 1).

Flow visualization and analysis were completed by
the CFD software (ANSYS FLUENT 12.0, ANSYS,
Inc., Canonsburg, PA, USA) based on the finite vol-
ume method. A default implicit 3D solver was applied.
Discretization of the equations involved a second-or-
der upwind differencing scheme; SIMPLEC was
adopted for the pressure velocity correction, and the
residual error convergence threshold was set as 10e�7.
The pulse cycle was divided into 1000 times step sizes
of 1 ms that T = 1 s was the simulated cycle time.
After the cycle-to-cycle simulation, the fifth cycle was
considered to be stable, and the fifth cycle was selected
for further analysis.

Parameters of flow fields, TAWSS, oscillatory shear
index (OSI), relative residence time (RRT), and
endothelial cell activation potential (ECAP) counter
maps and pressure difference were visualized. Among
them, OSI is a parameter that quantifies the magnitude
of the wall shear stress and direction changes, and high

OSI will cause the blood to flow back and forth,
resulting in endothelial cell damage, and finally form-
ing intimal hyperplasia39; RRT is an index that can
indicate the residence time of blood cell near the vessel
wall,28 and it is used to describe the relative residence
time of blood flow and to reveal the site where blood
flow is relatively easy to stop28; ECAP characterizes
the possibility of thrombus formation.14 The propor-
tion of the area of RRT < 1 = area of RRT < 1/area
of FL. Pressure difference = average pressure of the
TL—average pressure of the FL at the same sec-
tion. TAWSS, OSI, ECAP, and RRT were defined as
follows:

TAWSS ¼ 1

T

Z T

0

WSSj j dt ð4Þ

OSI ¼ 0:5 1�

R T

0 WSS dt
���

���R T

0 WSSj j dt

2
4

3
5 ð5Þ

ECAP ¼ OSI

TAWSS
ð6Þ

RRT ¼ 1

1� 2OSIð ÞTAWSS
ð7Þ

FIGURE 2. Flow field in three groups. (A1 = two re-entry tear; A2 = three re-entry tears; A3 = four re-entry tears; A4 = five re-entry
tears; B1 = distance in 10 mm; B2 = distance in 20 mm; B3 = distance in 30 mm; B4 = distance in 40 mm; B5 = distance in 50 mm;
B6= distance in 60 mm; C1 = each area in 18 mm2; C2 = each area in 23 mm2; C3 = each area in 28 mm2; C4 = each area in 33 mm2;
C4 = each area in 38 mm2)
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RESULTS

Influence of the Number of Re-entry Tears

Given the same geometry of the TL, the flow field in
the TL is similar (Fig. 2). However, with the increase in
the number of re-entry tears, the blood flow field in the
FL gradually became stable. At peak systolic, the jet
flows that influenced the vessel wall of the FL was
observed more intense with the increase of the re-entry
tears (Figs. 2A1 and 2A4). Moreover, the area of RRT
< 1 did not increase significantly with the increase in
the number of re-entry tears (Figs. 3A1 and 3A4). The
values of the area of RRT < 1 were 38.57%, 40.01%,
41.43%, and 42.14% respectively. However, the area
of high OSI and high ECAP in the low RRT area in
FL decreased rapidly. The values of the area of OSI >

0.45 (Figs. 4A1 and 4A4) were 25.01%, 15.99%,
6.04%, and 1.09% respectively. The values of the area
of ECAP>1.5 (Figs. 5A1 and 5A4) were 51.85%,
50.01%, 34.48%, and 28.81% respectively. Also, the
low TAWSS area decreased significantly with the in-
crease in the number of tears (Figs. 6A1 and 6A4). In
addition, the pressure difference between the TL and
FL did not change with the increase in the number of
re-entry tears (Fig. 7a).

Influence of the Maximum Distance of Re-entry Tears

With the increase in the maximum distance between
re-entry tears, the flow field in the TL was similar, but
the active area of the blood flow field in the FL
increased obviously, and the blood flow in the FL

FIGURE 3. Relative residence time (RRT) maps and proportion of the area of RRT < 1 in three groups
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gradually tended to be stable. Furthermore, the area of
RRT<1 increased significantly, with values of
22.86%, 31.43%, 40.00%, 42.86%, 57.14% and
68.58%, respectively. However, the high OSI area and
high ECPA area in the low RRT region in FL also
increased significantly. Specifically, the values of the
area of OSI>0.45 (Figs. 4B1 and 4B6) were 3.75%,
3.81%, 4.62%, 11.67%, 20.01% and 29.73% respec-
tively. The values of the area of ECAP > 1.5
(Figs. 5B1 and 5B6) were 21.74%, 47.62%, 53.85%,
58.33%, 62.86% and 64.05% respectively. The low
TAWSS area was increased obviously between two re-
entry tears. The pressure difference between the TL
and FL gradually increased. Specifically, for every 10-

mm increase in the maximum distance, the average
increase rate of the pressure difference is 10.85%
(Fig. 7b).

Influence of the Area of Re-entry Tears

The flow field in the FL was disordered in all models
(Figs. 2C1 and 2C5). However, with the increase of the
re-entry tear area, the blood flow velocity increased
significantly in the FL, and significant blood exchange
was observed at the tear site of the C4 and C5 model.
In addition, the area of RRT < 1 increased smoothly.
Compared with the 36-mm2 model, the area of RRT<

1 in the 46-mm2 model increased by 20.13% and that

FIGURE 4. Oscillatory shear index (OSI) maps and the proportion of the area of OSI > 0.45 in three groups
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in the 76-mm2 model increased by 44.16%, with values
of 42.78%, 51.39%, 54.17%, 58.33% and 61.67%,
respectively. However, the area of high OSI and high
ECAP in the low RRT area in FL decreased rapidly.
The values of the area of OSI > 0.45 (Figs. 4C1 and
4C5) were 25.01%, 14.29%, 6.25%, 2.94% and 1.19%
respectively. The values of the area of ECAP>1.5
(Figs. 5C1 and 5C5) were 51.85%, 48.21%, 47.50%,
46.76% and 46.42%. Also, the low TAWSS area
decreased significantly with the increase in the number
of tears (Figs. 6C1 and 6C5). The pressure difference

between the TL and FL did not change significantly
(Fig. 7c).

Comparison of the Number, Maximum Distance
and Area of Re-entry Tears

Furthermore, this study quantified the effects of
changes in the number, maximum distance and area of
re-entry tears on different hemodynamic parameters to
assess their effects on changing the hemodynamic
environment in the FL (Table 1).

FIGURE 5. Endothelial cell activation potential (ECAP) maps and the proportion of the area of ECAP < 1.5 in three groups
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In the comparison of flow field changes between TL
and FL, the most significant changes in the flow
velocity and area of the jet flow into FL were observed
in group C, and even a high-speed and stable flow
channel was formed between the tears. However,
models in group A mainly affected the area of the jet
flow into the FL, while group B did not show any
significant change in the area and velocity of the jet
flow into the FL.

In the comparison of changes in the TAWSS related
hemodynamic parameters in FL, for every 10 mm in-
crease in the maximum distance between the re-entry
tears, the RRT < 1 area increased by 7.29% on
average, the OSI > 0.45 area increased by 7.19% on
average and the ECAP > 1.5 area increased by 8.46%
on average. In addition, for every 10 mm2 increase in
the area of the re-entry tears, the RRT < 1 area
increased by 2.93% on average, the OSI > 0.45 area
decreased by 5.96% on average and the ECAP > 1.5
area decreased by 1.35% on average. However, for
every 1 increase in the number of re-entry tears, the
RRT < 1 area only increased by 1.19% on average,
the OSI > 0.45 area decreased by 7.97% on average

and the ECAP > 1.5 area decreased by 7.68% on
average.

DISCUSSION

Outcomes of patients with TBAD are strongly re-
lated to aortic remodeling and FL thrombosis after
TEVAR.13,25 Continuous patency of blood flow in the
FL will lead to a series of complications such as aortic
expansion, collapse of the TL, and even rupture of the
FL.24 As re-entry tears are the only channel connecting
the TL and FL, re-entry tears play a crucial role in the
postoperative treatment effect of patients. In addition,
hemodynamics has been widely acknowledged to pre-
dict thrombosis in FL.

The results revealed that all the morphologic fea-
tures of re-entry tears including its count, maximum
distance, and the area had an impact on the near wall
and flow features in a FL following TEVAR. In
addition, the tear count and the tear area had the
greatest effect on the hemodynamic parameters related
to thrombosis formation, especially the tear count.
Specifically, when the maximum tear distance was

FIGURE 6. Time-averaged wall shear stress (TAWSS) maps in three groups
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fixed, the high OSI and the high ECAP regions
between re-entry tears decreased dramatically with
increasing tear count and area. The previous studies
indicated that regions with high OSI and ECAP > 1.5
were considered less prone to thrombosis,27,39,42 which
meant that the increase in tear count and tear area
would prevent FL thrombosis in those areas. More-
over, areas with low TAWSS were generally considered
to be more likely to develop thrombus.6,33 In this
study, it was found that low TAWSS area also dra-
matically decreased with the increase of tear count and
area, also the TAWSS values between re-entry tears
gradually became normal in the FL. Besides, the flow
features in the FL experienced a significant change
with the tear count increased, and each increase in the
number of tears would increase the area of the high
speed of jet flow into the FL, resulting in more fresh
blood entering the FL during each cardiac cycle,
maintaining the function of the blood channel in the
FL and ultimately preventing thrombosis in the FL.

It was noted that when tear count and tear area
fixed, increased maximum tear distance would lead to a
significant increase in the low RRT area in the FL and
the pressure difference between the true and false lu-
men. Regions with RRT < 1 were considered less
prone to thrombosis,10 but previous studies suggested
that a large pressure difference between TL and FL

would accelerate the blood exchange and prevent the
blood from stagnating in the FL,12,38 which can seri-
ously prevent the formation of thrombus in the FL.20

Moreover, the high OSI and high ECAP areas did not
decrease with increasing tear distance, but increased
significantly, suggesting that an excessively large
maximum distance between re-entry tears could only
lead to the formation of thrombus between tears.

In the current study, the tear parameters of the ideal
model established were measured according to the real
patients, it is reasonable to speculate that the common
results reflected in the ideal model can be corre-
sponding to the more complex real aorta. But it is
worth noting that in a real case, an increase in the
number of re-entry tears inevitably led to an increase in
the total area of re-entry tears and even in some cases
to an increase in the maximum distance of re-entry
tears which will lead to an unfavorable hemodynamic
environment for the initiation and formation of
thrombosis, resulting in a decrease in the thrombosis
rate in the FL following TEVAR. Accordingly, in or-
der to increase the FL thrombosis, we suggest that the
selective re-entry tears can be one-stage repaired fol-
lowing TEVAR based on tears characteristics. For
example, the large area of tears of non-visceral artery
can be treated. As a result, the maximum distance
between re-entry tears and the numbers of tears can be

FIGURE 7. Pressure difference between the true and false lumen in three groups on 11 sections
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also decreased following the partial distal tears
repairment.

CONCLUSIONS

Based on CFD simulation, this article revealed the
correlation between the characteristics of re-entry tears
and the potential thrombosis in the FL of TBAD
patients following TEVAR. It was found that the
count, maximum distance and area of re-entry tears
could play an important role in determining hemody-
namic factors that may influence thrombosis in FL
after TEVAR and the tear count was the most crucial
factor.

LIMITATION

1. Although this study found that the parameters of
re-entry tears have a great different influence
on the tendency to thrombosis in the FL, we
did not apply the CFD on the real models of
patients, and the effect of the re-entry tear in
the real physiological situation is worthy of
further exploration.

2. Although some studies suggested that the dif-
ference of wall shear stress-related parameters
between the fluid-structure interaction and ri-
gid wall models was marginal,26 some other
researches showed that the change of wall
shear stress was significant.18 Therefore, how
the aortic wall elasticity affects the role of tear
morphology on the false lumen thrombosis
after TEVAR needs to be explored in the fu-
ture study.

3. It has been pointed out that the tear area has
an effect on the futtering of intimal flap during
the cardiac cycle.15 A larger tear area increases
the futtering of intimal flap, leading to a large
variation of the false lumen during the cardiac

cycle. It is worth further investigation whether
the increased futtering of intimal flap will affect
the thrombosis in the false lumen.
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