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Abstract  The type B aortic dissection (TBAD) is a perilous disease with high mor-
bidity and mortality rates. The hemodynamics of TBAD in different scenarios has been
widely studied by computational fluid dynamics (CFD) research. However, the flow pat-
tern and wave propagation characteristics in the cardiovascular system with TBAD are
not yet clear, and the effect of the distal tear is still unknown. In this work, a one-
dimensional (1D) cardiovascular system model coupling with a zero-dimensional (0D)
lumped-parameter model is introduced to study the hemodynamics and wave propaga-
tion in the cardiovascular system. The results show that the proposed 0D-1D method well
captures the oscillation and retrograde characteristics for the flow in the false lumen (FL),
and the smaller distal tear damps the retrograde flow. Besides, the distal tear should also
be paid attention to, and the wave intensity (WI) can be used as an access mark of the
degree of the aortic dissection (AD).
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1 Introduction

The complicated type B aortic dissection (TBAD) is manifested by the threatened rupture,
insufficient perfusion of organs, recurrent pain, hypertension, and early expansion. TBAD
patients with acute renal failure and mesenteric ischemia may suffer increased mortality. The
current preferred treatment option is thoracic endovascular aortic repair (TEVAR), which covers
the entry tear with stent-graft, preventing the blood flow into the false lumen (FL) and elevating
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the long-term outcome of TBADI!. However, after TEVAR, there will be true lumen (TL)
remodeling, and even a retrograde type A aortic dissection (TAAD) will occurll. For multi-
tear scenarios, after TEVAR, the distal tears are not covered by the stent-graft. The effect
of distal tears on hemodynamics may be more sophisticated. This implies that the geometric
features of the tears, such as size and position, are associated with hemodynamics, which infers
further progression of aortic dissection (AD) and complications.

The roles of the primary intimal tear in predicting the formation and development of AD
and its complications have been widely investigated. Rudenick et al.?l reported that the large
entry tear led to higher diastolic pressure in FL. Evangelista et al.3] indicted a poorer clinical
outcome for large entry tears. Tsai et al.l¥l showed that the smaller proximal tear and the
lack of the distal tear resulted in a higher systolic FL pressure. Weiss et al.’] showed that the
entry tear in the aortic arch concavity and the short distance between the entry tear and the
left subclavian artery were frequently associated with the further development of acute TBAD.
Chi et all®! showed that the oscillatory index in aortic arch concavity was abnormally high
in pre-tearing AD patients. Al-Kalei et al.”)} found that the primary intimal tear located in
the distal convexity might be more likely to develop retrograde (TAAD). However, the roles of
distal tears on hemodynamics have not been fully understood yet.

Computational fluid dynamics (CFD) has been increasingly used in hemodynamics research.
Three-dimensional (3D) simulation is a potential method to aid clinical decision-making for
interventional surgeries, and can give the detailed hemodynamics parameters in vessels® 9,
However, it is typically conducted to analyze the local hemodynamic characteristics in vessels,
and requires a lot of computational time. As an alternative method, a lumped model is put
forward in AD simulation'®), which costs much less computational time. In addition, one-
dimensional (1D) models have been widely used to analyze the waveform propagation in the
cardiovascular system[!'13],

1D cardiovascular system models are based on the Navier-Stokes equations reduced by the
rotational symmetry of vessels. The 1D model roots in the pulse wave analysis in the cardiovas-
cular system are developed maturely by a coupling stenosis model™! or lumped parameter heart
model'® 16! Different from open-loop 1D models, a closed-loop multi-scale zero-dimensional
(0D)-1D cardiovascular model can simulate the entire circulation, including the coronary, cere-
bral arterial, and venous networks apart from the main artery trees'”. 1D modeling also
presents its powerful capacity of investigating the cardiovascular system, e.g., coronary, Fontan
circulation, and pulmonary circulation'®. Various methods for the treatment of boundary con-
ditions have also been developed. Coccarelli et al.' presented a novel method by coupling
a poro-elastic tube model representing the resistance of microcirculation. Nowadays, it has
been developed for personalized analyses?’l. However, 1D modeling has not been applied to
AD simulation. Several image-based lumped-parameter models have shown their potentials
in giving fast and reasonable results for AD simulation'%2!. For AD scenarios, 1D model-
ing can provide a global view of hemodynamics and provide a good balance between accuracy
and computational cost!'? 5. Additionally, wave intensity analysis (WIA) can be performed
based on the obtained waveforms from 1D simulation to give insight into the influence of wave
propagation in circulation2022-23] The simulated waveforms can be separated to forward and
backward waves, representing the wave from the left ventricular ejection and the accumulative
reflected wave from the peripheral vessels, respectively!?%24. Thus, not only the cumulative
effect of the reflected wave from the peripheral vessels, FL, and tears can be clearly seen by the
WIA, but also the ejection characteristics of the left ventricle can be investigated. In view of
the computational cost, the precision, and the global view, a 0D-1D coupling model may be a
good choice for studying hemodynamics in AD.

For the purpose of capturing the effects of the tears and FL on the cardiovascular system
locally and globally, we implement a 0D-1D coupling cardiovascular system model based on a
mature 1D artery tree model. By remodeling the AD model from the computed tomography
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(CT) data, the geometry parameters are collected. The flow characteristics and pressure waves
in the main arteries with different re-entry tear sizes of AD and its locations are investigated.
The 1D personalized simulation results are validated against the magnetic resonance imaging
(MRI) measured data. Section 2 presents the methodology of 1D modeling. After giving
the validation in Section 3 and setting the data for AD simulation in Section 4, the detailed
simulated results are presented in Section 5. The clinic implications and limitations of the
modeling are discussed in Section 6 and Section 7, respectively. Finally, conclusions are drawn.

2 Methodology

2.1 Geometric parameters of the cardiovascular system with TBAD

Due to the reduction of dimension to the cardiovascular system, in the 0D-1D coupling
model, only the volume of FL, the length of FL, the area of the cumulative tear, and the position
of the tear are needed. Five CT samples of TBAD are preprocessed in the commercial software
Simpleware ScanIP™ to reconstruct the aorta and the main branches. The reconstructed
model is given in Fig. 1(a), and the volume of the FL, the TL we measured, and the centerlines
of the aorta and the branches are extracted. As shown in Fig. 1(b), owing to the existence of
the tear, the TL and FL are connected by two pathways intersecting the centerline of the TL
with two points corresponding to the entry and the re-entry positions, respectively. Thus, the
length of FL can be determined by the distance of the two points. After measuring the volume
of FL, the equivalent radius and length of the ideal cylindrical FL tube are determined, of which
the process is shown in Figs. 1(c) and 1(d). The equivalent radius Req of FL is defined by the
volume of FL. Vpr, and the length of FL Lgy, via

Req = /Vev/(wLyv).

The reconstructed 3D vascular models are as shown in Figs. 1(e) and 1(f), and the geometric
parameters are listed in Table 1.
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Fig. 1 (a) Reconstructed aortic model. (b) Extracted centerlines. (c) Extracted FL. (d) Equivalent
FL. (e) One part of the 3D model including the tear. (f) Area of the tear in ANSYS Space-
Claim. The aorta models are reconstructed in SpaceClaim shown in (a). Then, the part of
the model including the tear (e) is extracted and input to SpaceClaim to measure the area of
the tear (f). Similarly, the length of FL is gauged by the centerline length shown in (b), and
the volume of FL (c) is measured in Simpleware (color online)

From Table 1, it can be seen that the samples can be divided into two groups according
to the AD severity. One is with large volume and long length of FL, while the other is with
small volume and short length of FL. Additionally, the entry and re-entry sizes show three
different patterns, i.e., the entry size is larger than, equal to, and smaller than the re-entry one.
Therefore, the geometric data of AD in our simulation are set according to the characteristics
and the average values of the data in Table 1.
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Table 1 Geometric parameters of the FL. measured in the reconstructed 3D model

Sample Area of Area of Volume of Length of Equivalent radius
P entry/mm? re-entry /mm? FL/mm?3 FL/mm of FL/mm
AD1 241.459 3 128.3585 55934.53 251.789 8.4100
AD2 169.4455 11.4385 59190.87 156.275 10.9800
AD3 70.2905 69.039 3 47142.57 275.755 7.3768
AD4 112.4778 117.1532 244 000.00 539.150 12.0000
AD5 42.7555 93.3450 208 600.00 422.835 12.5313
Average 127.2857 83.866 9 - - 10.2596

2.2 1D modeling of the arterial tree
2.2.1 Geometric parameter

In the 1D model, arteries are assumed as a rotationally symmetric taper elastic tube. The
cross-sectional radius of arteries varies exponentially with the axial distance x,

T, T
r(x) = ryexp (Z log 7’%)’ (1)

where L is the length of each artery, r¢ is the top cross-sectional radius of the artery, and r, is
the bottom cross-sectional radius of the artery. The details of the three parameters are listed
in Table 201425, The topology and the indices of the arteries are shown in Fig. 2.
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Fig. 2 Diagrams of the 1D model and 0D-1D coupling model used in this work. (a) 1D model using
55 main arteries and their order. (b) Added FL tube, 0D tear model, and structure tree
models at terminal vessels. (c) Inlet flow profile used for simulation. (d) Structure tree model
used for the outflow condition, in which the radii of the daughter arteries are reduced by the
multiplication factors of oo and 3 based on the radius of their parent artery (color online)
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2.2.2  Governing equations
With the rotational symmetry assumption, the blood flows in the arteries can be expressed

in a 1D form with the following continuity and momentum equations** 12/
0A  0Q
LX) 2
ot + Ox ’ 2)
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0Q 0 ( QN AoP Q_
E—Faix(aj) +;%+KTZ =0, (3)

where t is the time. z is the axial direction of the artery. A, @, and P denote the cross-sectional
area, the volumetric flow rate, and the pressure, respectively. « is the Coriolis coefficient. When
o = 4/3, the velocity variation shows a Poiseuille profilel*> 16l In practice, the profile is flat.
In this model, « is set as 1. K, is the friction force per unit length, and is set to 227v (v is the
kinematic viscosity) in this model' 17,

The system of Eqgs. (2) and (3) is closed by adding a state equation as follows[' 12]:

P—Poz&(\/fo—l), (4)

where P, is the reference pressure corresponding to the unstressed cross-sectional area Ay, and
is defined as the lowest pressure during the diastolic phase between 7 135 Pa and 11 305 Pal?%!.
FE is Young’s modulus. h is the wall thickness. 7¢ is the radius of an artery. ¢ is Poisson’s ratio,

and is set to be 0.5 for vascular wall properties[25-26],

The values of E, h, and rg in the state equation are determined by!2%:
Eh
K =k exp(kgro) + k3, (5)

where
ky=200x10"g-s72-em™!, ky=—-2253cm™!, k3 =8.65x10°g-s7% . cm L.

2.2.3 Inflow condition

A flow profile, with a single peak at the systolic period, is used at the inlet of ascending
aorta. In order to implement WIA, only one peak in the systolic period is considered, and the
systolic period t is taken as 0.3s. The inlet flow profile shown in Fig.2(c) is expressed byl27]

Qmax(0.251+ 0.290(cos(6)+ 0.97 cos(26) + 0.47 cos(30) + 0.14 cos(40))), t < s,
Q(t)= (6)

0, else,

where 0 = 37t — /2. Qmax is the peak value of the flow profile in ascending aorta which is the
MRI data in the literature™ 28], In our simulation, Qumax is set to be 500 mL-s~!.

In this situation, the second peak, generated by the joint effect of the left ventricular re-
laxation and aortic contraction, is neglected. Therefore, the backward wave only denotes the
reflection. Despite the simplified inlet flow profile, the shape is basically similar to the profile
of the MRI measured datal28].

2.2.4 Bifurcation condition

The structure of the main artery tree is supposed to be a bifurcation tree from proximal
to distal (see Fig.2(a)). At a branching point, as the pressure and flow are continuous, the
boundary conditions at the bifurcation can be written as

P, = Pqy1 = Py2, Qp = Qa1 + Qa2, (7)

where p, d1, and d2 represent the parent vessel, the left daughter vessel, and the right daughter
vessel, respectively. In view of the pressure continuity, the equality conditions for static pressure
are assigned with neglecting the influence of dynamic pressure to avoid stability problems in
the computation('5].
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Table 2 Geometric parameters in the 1D cardiovascular system

No. Artery L/cm 7t /cm rp/cm
1 Ascending aorta 4.00 1.525 1.420
2 Aortic arch A 3.00 1.420 1.342
3 Brachiocephalic 3.50 0.950 0.700
4,17 Right & left subclavian 3.50 0.425 0.407
5 Right common carotid 16.75 0.525 0.400
6,18 Right & left vertebral 13.50 0.200 0.200
7,19 Right & left brachial 39.75 0.407 0.250
8,20 Right & left radial 22.00 0.175 0.175
9,21 Right & left ulnar A 17.00 0.200 0.200
10,22 Right & left ulnar B 22.25 0.175 0.175
11,23 Right & left interosseus 7.00 0.100 0.100
12 Aortic arch B 4.00 1.342 1.246
13 Left common carotid 19.25 0.525 0.400
14 Thoracic aorta A 5.50 1.246 1.124
15 Thoracic aorta B 10.50 1.124 0.924
16 Intercostal 7.25 0.630 0.500
24 Celiac axis 2.00 0.350 0.300
25 Hepatic A 2.00 0.300 0.250
26 Hepatic B 6.50 0.275 0.250
27 Gastric 5.75 0.175 0.150
28 Splenic 5.50 0.200 0.200
29 Abdominal aorta A 5.25 0.924 0.838
30 Superior mesenteric 5.00 0.400 0.350
31 Abdominal aorta B 1.50 0.838 0.814
32,34 Right & left renal 3.00 0.275 0.275
33 Abdominal aorta C 1.50 0.814 0.792
35 Abdominal aorta D 12.50 0.792 0.627
36 Inferior mesenteric 3.75 0.200 0.175
37 Abdominal aorta E 8.00 0.627 0.550
38,45 Right & left external iliac 5.75 0.400 0.370
39,46 Right & left femoral A 14.50 0.370 0.314
40,47 Right & left internal iliac 4.50 0.200 0.200
41,48 Right & left deep femoral 11.25 0.200 0.200
42,49 Right & left femoral B 44.25 0.314 0.200
43,50 Right & left anterior tibial 32.00 0.125 0.125
44 51 Right & left posterior tibial 32.00 0.125 0.125
52,54 Right & left internal carotid 15.75 0.275 0.275
53,55 Right & left external carotid 15.75 0.275 0.275

2.2.5 Outflow condition

The 1D arterial system model is generally truncated at the end of the peripheral arteries,
where the windkessel (WK) model and the structure tree (ST) model are used to express the
flow behaviors in distal vasculatures. The WK model is a general outflow condition!'?!, while
the ST model is analogous to the terminal artery for its dense bifurcation featurel?®!. Since
the whole main 55 arteries are considered, every terminal artery has its own geometry, the
ST model is more capable of capturing a high frequency content of terminal impedance than
the WK model26/. Moreover, the terminal impedance of the altered distal vasculatures can be
expressed more directly by changing the geometric parameters of the structure tree, such as
the ratio of the daughter vessel radius to the parent one, or bifurcation generations. Therefore,
the ST model is implemented as the outflow condition.

The topology of the ST model is presented in Fig.2(d). Starting as a parent vessel, the
terminal arteries with the radius of 7, bifurcate into two daughter vessels by « and § (0 <
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a, 3 < 1), which means that the daughter vessels’ radii reduce to ar, and Brp. The bifurcation
ends until the radii of the daughter vessels are equal to the minimum radius.

Each segment of the small arteries can be considered as a resistance, and the bifurcated
daughter vessels connect in parallel with the parent vessel. Thus, the impedance of the segments
has the relationship of Z% = Z%ﬂ + Z%m With the recursion algorithm from the bottom level of
the structure tree to the top level, lastly, the whole impedance of the ST model Z,(x, w) can
be obtained. The outflow condition can be determined by a convolutional integral between the
pressure and the inverse Fourier transform of the reciprocal value of impedance at the terminal
arteries

T
Qz, t) = /0 Pz, 7)Y (z,t — 7)dr, (8)

where Y(x, t) = .Z 1(1/Zq(x,w)), and .Z 1 is the inverse Fourier transform operator. The
more detailed derivations of the impedance of the ST model can be referred to Ref. [25].
2.3 0D AD model and its coupling with 1D model

To construct the 1D reduced model of FL, the FL is supposed to be a cylindrical tube, while
the TL is still supposed to be a tapered tube. The length of FL is assumed to be equal to that
of the TL. The flow in FL is controlled by the same system of Egs. (2) and (3) as that in the
TL. To take account of the blood flow through the tear, a 0D resistance model from Ref. [10] is
added between the TL and the FL. The tear model is comprised of a resistance R (Pa-mL ™! -s)
expressed as

R=K- A" (9)

where K = 47.42, and b = —1.2, which are determined by the curve fitting of 8 clinical scenario
datall%,
In the scenarios of our study, it is assumed that there are two tears with an entry and
a re-entry, which are taken into account as a 0D model in two places. The cumulative tear
impedes the flow between the FL and the TL, like in an electrical circuit, and the barrier effect
is lumped in a resistance. As shown in Fig.2(b), the flow through the tear causes a pressure
drop as follows:
P; — Py = AP =Q3R. (10)

Compared with the bifurcation conditions of Eq. (7), the pressure drop through the entry
and the re-entry has a further drop caused by the obstruction of the tear as follows:

Py =Py=P3=P,+AP =P, +Q3R, (11)

where the indices of 1, 2, and 3 represent the points before and after splitting into the TL and
the FL, respectively, and 4 represents the starting point of the FL at the entry after the tear or
the end point of FL at the re-entry in front of the tear. The blood flow rate through the entry
and re-entry still has the same boundary condition as that at bifurcations, which is given by

Q1=Q2+Qs. (12)

2.4 Numerical methods

The inflow and outflow conditions are solved by the method of characteristics. Since the
coupling condition between the 1D arterial tree and the AD model is similar to the bifurcation
condition by adding an extra resistance, the Newton-Raphson procedure is employed in both
coupling the AD with the 1D model and the bifurcation condition. Finally, the Lax-Wendroff
method is applied to the discretization of Egs. (2) and (3) with the second-order accuracy in
both space and time. The following Courant-Friedrichs-Lewy (CFL) condition is satisfied:
) (13)

2oy
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where At is the time step, Az is length of the one dimensional mesh, and ¢ = %g—i is the

Moens-Korteweg pulse wave velocity which is linked to the vessel wall stiffness!*®!.

The program is developed from the open source code from the Github repository at https://
github.com/updega2/StructuredTree.
2.5 WIA

WIA is increasingly used to analyze the wave propagation in practice recently, which can
not only separate the wave into a forward wave and a backward wave but also show the wave
intensity (WI)?%l. In WIA, the waves propagated in the arteries are considered by the sum of
successive wavefronts dP, for the pressure wave and dU=+ for the velocity wave, respectively,
in which + denotes the forward wave and — denotes the backward wave.

Thanks to the hyperbolic feature of Eqs. (2) and (3), the pressure and velocity waves can be
separated into forward and backward waves as

1
dPy = S(dP £ pedU), (14)

and the velocity formula of the forward and backward waves are written as

dUi:%(dUii—f). (15)
Then, the intensities of the forward and backward waves can be calculated as
dly =dPydU.. (16)
Finally, the total WI can be expressed as
dI =dIy +dI_. (17)

The separated waveform can still be classified into two classes, i.e., compressed (positive
dP) and decompressed (negative dP) waves. Hence, the waveform can be divided into four
types, i.e., forward compressed wave (FCW), forward decompressed wave (FDW), backward
compressed wave (BCW), and backward decompressed wave (BDW). Aortic WI profiles can
exhibit the features of early ejection arising from ventricular contraction (FCW), late systole
arising from ventricular relaxation (FDW), and vascular reflection of FCW (BCW). Thus, in
the current study, the WIA in ascending aorta is especially focused on. The detailed derivations
of WIA can be referred to Refs. [22] and [24].

All WIAs of the data for the control and AD groups are based on the computed results at
the middle point of the ascending aorta, i.e., 2cm away from the root of the ascending aorta
(No.1 in Table 2), for only the accumulative effect on the WT is the interest of this work.

3 Validation

To validate our 0D-1D coupling model, the flow profiles in FL by using our 0D-1D simulation
and the MRI data from Ref. [10] are compared. The 0D-1D simulation is conducted by two
different configurations of AD, i.e., the ideal model from Case 1 of Table 3 with the simplified
inlet flow from Fig.2(c) and the patient-specific model with geometric parameters of AD2 in
Table 1 and a real inlet flow profile shown in Fig. 3(a)l?’l. The results are shown in Fig. 3.

Rudenick et al.l'% pointed out that the FL flow patterns could be classified into four types,
i.e., a systolic biphasic and primarily diastolic antegrade flow (named as BA, the systolic period
is 0.43s), a systolic biphasic and primarily diastolic retrograde flow (named as BR, the systolic
period is 0.41s), a systolic monophasic and primarily diastolic antegrade flow (named as MA,
the systolic period is 0.39s), and a systolic monophasic and primarily diastolic retrograde flow
(named as MR, the systolic period is 0.33s), as shown in Figs. 3(c) and 3(d).
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Fig. 3 Comparison of FL flows from Ref. [10] and 0D-1D simulation. (a) Inlet flow profile used for
the patient-specific 0D-1D simulation of AD2 from Table 1 and idealized input flow for Case
1 in Table 3. (b) 0D-1D simulation results of the patient-specific AD model at the entry and
re-entry of the FL. (c¢) Three measured flow patterns in the diaphragm region of FL by MRI
from the literature. (d) 0D-1D simulation results of the ideal AD model at the entry and
re-entry of the FL and one flow pattern in the diaphragm region of FL as MR from literature.
(color online)

Table 3 Simulation AD cases

Case  Area of entry/mm?  Area of re-entry/mm?  Length of FL/mm  Equivalent radius of FL/mm

1 127 127 (100%) 250 10
2 127 12 (10%) 250 10
3 127 50 (40%) 250 10
4 127 180 (140%) 250 10
5 127 240 (190%) 250 10
6 127 180 (140%) 500 10
7 127 240 (190%) 500 10

It is seen that the 0D-1D results not only present retrograde flow at the end of the systolic
period and with the same phase period in the flow wave, but also oscillate at the diastolic period.
Besides, the flow wave for the real inlet waveform at the entry of the tear shows remarkable
oscillations, whereas the one for the simplified inlet wave varies smoothly. There is a common
feature that the simulated wave type in the entry of FL is similar to the MR or BR type of
MRI data with the primarily diastolic retrograde flow!'?), suggesting that the 1D simulation
can capture the flow characteristics in FL, under various inlet conditions. Furthermore, the flow
pattern in FL highly depends on the inlet boundary condition and the configuration of tears.
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To eliminate those effects, a single peak inlet flow profile is set in the subsequent simulation,
and the proximal tear is fixed by changing the size and location of the distal tear.

4 Settings of the geometric data for the AD simulation

The geometric data of the simulation are based on the CT image data listed in Table 1, of
which the average entry area and the equivalent radius of FL are around 127 mm? and 10 mm,
respectively. Thus, as listed in Table 3, the entry area and the equivalent radius are fixed as
127mm? and 10 mm, respectively. From Table 1, it can be seen that the FL has a constant
radius but different lengths while the re-entry is at a different location in the distal segment.
Besides, the re-entry size is considerably different from the entry size. In available literature,
the distal tear has a dominant effect on hemodynamics. Therefore, the area size of the re-entry
is set to be proportional to that of the corresponding entry in the simulation. The details of
the simulation cases are listed in Table 3.

Before the AD simulation, a control group simulation of the healthy case without AD is
conducted with the geometric parameters from Table 2.

5 Results

5.1 Flow and its distribution in the main arteries

Figure 4 gives the diagrams of the locations of the five arteries and the flow profiles in the
middles of the five main arteries from the proximal to the distal and the contrast among the
control case, Case 5, and Case 7. Figure 4(b) shows the reduction of the flow rate along the
aorta from proximal to distal. It is seen that, compared with the the control case, in Cases 5
and 7, the flow rate considerably decreases from the thoracic aorta to the left femoral artery,
the branch is exactly located in the area influenced by the lesion segment, and the flow rate in
ascending aorta increases slightly.
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Fig. 4 (a) Locations of the five arteries in (b). (b) Flow profiles in the middles of the five main
arteries from the proximal to the distal (color online)
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Then, the blood flow waves for Cases 1-7 are computed by the 0D-1D model. The results are
shown in Fig. 5, in which BF1 refers to the percentage of the mean flow rate into the thoracic
aorta, BF2 refers to the ratio of the mean flow rate in superior mesenteric artery to that in
abdominal aorta B, BF3 refers to the ratio of the mean flow rate in inferior mesenteric artery
to that in abdominal aorta D, and BF4 refers to the ratio of the mean flow rate in left femoral
artery B to that in left femoral artery A. In Fig.5, the left column shows the mean flow rates
of the parent arteries at four bifurcations (aortic arch B, abdominal aorta B, abdominal aorta
D, and left femoral A), and the right column gives the blood flow ratios at the locations of
four bifurcations (BF1, BF2, BF3, and BF4). It can be seen that the proximal bifurcation BF1
and the distal bifurcation BF4 are out of the FL, BF2 is inside the lesion segment both for the
25cm- and 50 cm-length ADs, and BF3 is inside the lesion segment for the 50 cm-length AD
but outside the FL for the 25 cm-length AD.
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Fig. 5 Four flow distributions (BF1, BF2, BF3, and BF4) and the mean flow rates at the ends of the
parent arteries of four bifurcations (aortic arch B, abdominal aorta B, abdominal aorta D, and
left femoral A) for the control case and Cases 1-7. The flow distribution ratio is defined by
Percent (%) = Qa/Qp x 100%, where Qg is the mean flow at the start of one of the daughter
arteries and @Q)p is the mean flow at the end of the parent artery. The daughter arteries for the
four bifurcations are the thoracic aorta, the superior mesenteric artery, the inferior mesenteric
artery, and the left femoral artery B, while the parent arteries for the four bifurcations are

the aortic arch B, the abdominal aorta B, the abdominal aorta D, and the left femoral artery
A (color online)

From the right graphs of Fig. 5, it can be seen that the flow distribution ratios for all the 7
cases at BF1 and BF4 increase up to 0.08% and 0.58% compared with the control case. Since
BF1 and BF4 are out of the lesion segment, the flow distributions are virtually unaffected. At
BF3, the flow distribution ratios in Cases 6 and 7 increase 6.24% and 6.97% compared with
that of the control case, respectively. Under the same flow condition, the flow distribution
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ratios at BF3 in Cases 1-5 are the same as that for the control case. This difference is closely
associated with the relative position between BF3 and FL. In Cases 6 and 7, BF3 is inside the
FL segment. However, it is outside the FL-segment for Cases 1-5. Moreover, at BF2, the flow
distribution ratios increase with the distal tear size from Cases 1-5. Further comparisons of
the flow distribution ratios at BF2 for Cases 4-7 reveal that the longer FL also results in the
increase in the flow distribution ratio. The left graphs of Fig.5 present the mean flow rates
at the outlet of the parent arteries of BF1, BF2, BF3, and BF4. The results show that at
abdominal aorta B and abdominal aorta D, the mean flow rates for Cases 1-7 are less than
that for the control case. Compared with the control case, for Case 7, the maximum reduction
of the mean flow is 16.25% at abdominal aorta B, and even reaches 31.74% at abdominal aorta
D. However, compared with the control case, the maximum relative changes do not exceed 1%
at abdominal aorta D for Cases 1-5, aortic arch for Cases 1-7, and left femoral A for Cases
1-7.

Figure 6 shows the WIs of the decomposed forward and backward waves for the con-
trol case and Cases 2, 5, and 7. There are two peaks in the forward wave, i.e., FCW and
FDW, while there is only one peak in the backward wave, i.e., BCW[2223]  Compared with
the three waves in the control group shown in Fig.6(a), the FCWs increase by 8.90% for
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Fig. 6 Decomposed wave intensities at the middle of ascending aorta for the control case and Cases
2, 5, and 7. The pressure waveforms are shown on the top of the WI profiles. When the
pressure increases, the wave is a compressed one; while when the pressure decreases, the wave
is a decompressed one (color online)
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Cases 2 and 5 while 7.9% for Case 7. Meanwhile, the FDW for Case 7 shows a considerable
increase by nearly 56%, whereas the FDWs for Cases 2 and 5 solely rise by 18%. In contrast,
the BCWs for Cases 2, 5, and 7 show opposite variation tendencies, among which the BCWs
increase by 18% for Cases 2 and 5 but by 44.5% for Case 7. The results show that AD leads to
the increases in FCW and FDW simultaneously, but the increase is more remarkable for FDW
in AD with a longer FL. The results also show that compared with the control case, the systolic
pressure increases slightly for Cases 2 and 5 but decreases slightly with a distinct reflection
wave for Case 7 (see Fig. 6(d)).
5.2 Flow patterns in FL from the proximal to the distal

Figure 7 presents the flow waves in FL for Cases 1-7 from the proximal to the distal. It
is seen that the flow profiles along the flow direction in all cases present similar variational
tendencies. At the proximal of the FL entry, the wave is positive and then negative. With the
increase in the distance to the entry, the flow waveforms become gradually damping. Especially,
at the distal of the entry, i.e., at the re-entry, the flow switches to be a retrograde one with a
negative peak first, and then changes to be a positive wave with oscillations. The computed
flow patterns are in favorable agreement with those of Rudenick et al.’®. Among them, the
feature of the retrograde flow is the most indistinct for Case 2 with the smallest size of the
re-entry. In Case 5, there is the most retrograde flow for the biggest re-entry area.
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Fig. 7 Flow patterns along the FL at five locations with five colored lines from the entry to the

re-entry (color online)
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The pressure difference of FL and TL can provide the information of flow variations in FL
and the movement of the intimal flap in detail. Figure 8 shows the pressure difference between
FL and TL along the flow direction for Cases 2, 5, and 7. The pressure difference in this work
is defined as the pressure waveform in FL minus the pressure waveform in TL at one location.
It is seen that the pressure difference has a negative peak first and then a positive peak in
a period, has the largest value at the entry, and gradually decreases with the increase in the
distance to the entry.
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Fig. 8 Pressure difference between FL and TL along the longitude at five locations for Cases 2, 5,
and 7 (color online)

In order to present the pressure difference between FL and TL, Fig.9 gives the pressure
waveforms of FL and TL at the position 12 cm away from the entry of the lesion segment for
Cases 2, 5, and 7. It is observed that there is a phase shift in the pressure waveform between
FL and TL, implying that there is a delay of pressure waveform in FL compared with that in
TL. Among the three cases, Case 7 presents the most distinct phase delay.
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Fig. 9 Pressure profiles in FL and TL at the position 12 cm away from the entry for Cases 2, 5, and
7 (color online)

6 Discussion

Since the 1D system of Egs. (2) and (3) is hyperbolic, the wave propagation can be analyzed.
It is the first time to apply 1D modeling to studying wave propagation in the cardiovascular
system with AD though 1D modeling has been widely used in hypertension, cerebral cycle, and
coronary cardiovascular system access!'820:24]

The computational results show that the flow in FL. matches well with the MRI data from
Ref. [10] (see Fig.3), where the retrograde flows and the flow oscillation in FL are captured
with slightly smaller peak values of the flow waveform in FL. The computed flow pattern in
FL can be classified as MR or BRI according to the differences of the flow characteristics
at the systolic and diastolic periods. Moreover, the 0D-1D model provides the blood flow
characteristics immediately, which can give a fast clinical auxiliary diagnosis. The advantage
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of 3D simulation is that it can provide more invaluable information about the local flow field
such as the wall shear stress (WSS) distribution, the oscillatory index (OSI) distribution, and
the flap movement of AD. Nevertheless, considering the computational time cost, among 0D,
1D, and 3D models, 1D model has the greatest potential in both cardiovascular research and
clinical practice[m}.

According to the geometric parameters of AD in Table 1, two degrees of TBAD are defined.
One is that the FL volume is around 50000 mm?, while the other two volumes range from
200000 mm? to 240 000 mm?2. It is interesting to note that the entry area is either nearly equal
to, double, or half of the re-entry area. Thus, in the simulation, the size and position of the
entry at the proximal thoracic aorta are fixed, the re-entry is set at two positions mimicking the
two degrees of TBAD. Consequently, the studies on the effect of the distal tear are implemented
by varying the distal tear size and location shown in Table 3.

6.1 Effect of AD on the wave propagation in the cardiovascular system from the
proximal to the distal

Figure 4(b) clearly shows that the peak values of the waveform in the ascending aorta for
Cases 5 and 7 are a little higher than those of the control case, whereas the flow waveforms
at the bifurcated branches in the AD involved segments shows a remarkably smaller amplitude
than that for the control case. The mean flow rates shown in the left graphs of Fig.5 present
the same tendency as that shown in Fig. 4(b).

The appearance of AD causes not only the increase in the flow peak in the ascending aorta
but also the reinforcement of the forward WI. According to the WI theory2?:3% | the increased
WI of the FCW indicates the morphological change of proximal vessels. Since the FCW is
caused by the ventricular ejection and acceleration of the aortic blood flow, the physical sense
of WI is the blood flow power, and the WI depends on the interaction of heart and load!?3-24,
the increased Wls in FCWs imply a larger load on the heart for blood ejection. Meanwhile, it
is inferred that the longer FL can eliminate more influence of wave reflection than the shorter
FL. Besides, the WI can be used as the index for the evaluation of the severity of AD. The
elevation of FDWs for Cases 1-7 suggests the deceleration of ventricular contraction before the
closure of the aortic valve. The increase in the WI for the forward wave means that AD can
result in an overload in the heart and longer FL can balance more impedance from the distal
sites. The latest studies based on clinic data could give some evidence. In 68 TAAD patients,
the values of the left ventricular ejection fraction (LVEF) for 13 subjects were less than 50%3%.
In TAAD patients, the LVEF of 29.1% was below the lower limit of 52% for females and 54%
for males, suggesting left ventricular dysfunction in the patientsi®?. Since retrograde flow is the
common feature for TAAD and TBAD, TBAD can also have an impact on ventricular ejection.
It is suggested from the modeling work that we should pay close attention to the left ventricular
dysfunction caused by type B even if there are not many published studies now.

6.2 TL ischemia

The 0D-1D coupling simulation of the cardiovascular system can show the global features of
flow variations in TBAD. From the right graphs of Fig. 5, it is seen that the flow distribution
in the bifurcations changes significantly when the bifurcations are located within the region of
the lesion vessel segment. In contrast, the flow distribution nearly keeps constant when the
bifurcation is out of the injured segment, no matter whether the bifurcation is at the proximal
or distal end. Even in Cases 6 and 7, where BF4 is closer to the re-entry than in Cases 1—
5, there are no distinct variations for the flow ratio compared with the control case. Similar
situations can be noted for BF1 where the bifurcation is near the entry but outside the lesion
segment. However, the flow ratio to BF2 increases with the area of distal tear from Cases 1
to 7, suggesting that more blood flows into the superior mesenteric artery and less blood flows
into another daughter branch. For BF3, Cases 1-5 and the control group are practically the
same, since BF3 is inside the influenced region of the lesion segment. For Cases 6 and 7, since
the bifurcation is included in the lesion segment, the flow ratio remarkably increases. The flow
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distribution characteristics at BF2 and BF3 also show that longer FL can further cause the
redistribution at the bifurcations, leading to less blood flow in the main branch. In summary,
the results infer that TBAD can affect the flow distribution in the region within the lesion
segment, but has a less effect on the flow distribution outside the lesion segment. Moreover,
for abdominal aorta B, the mean flow rate decreases for all the 7 cases. Using the mean flow
of abdominal aorta B to multiply the flow distribution ratio at BF2, we find out that the
mean flow rates of the secondary daughter artery almost keep the same from Cases 1-7. The
results induce less blood flow into the other daughter artery, e.g., abdominal aorta C. The same
reduction of blood flow rate in abdominal aorta E may occur since the ratio at BF3 increases
as well for the 7 cases. These results suggest that ischemia will occur in TL and may further
lead to compression of TLB3I.

6.3 Interaction between TL and FL

The common feature of the flow profiles in FL is that there are two flow peaks, first a
positive one and then a negative one, which reduce from the proximal to the distal gradually.
In contrast to other places in FL, near the re-entry, a retrograde flow appears, followed by an
anterograde flow. Therefore, FL performs like a pump doing a suction-expulsion movement. In
other words, blood flows into the FL through two tears during the systolic phase with a delay
of flow at the re-entry and flows out of FL through the two tears during the diastolic phase.
This pumping-like phenomenon has also been reproduced by 3D simulation®¥. The retrograde
flow in TBAD may be associated with the retrograde tearing to develop into TAAD due to its
long-term outcome influencel”. However, the ‘pumping-like’ phenomenon becomes weakened
with the length of FL because the anterograde flow is strengthened (see Figs. 7(d)-7(g)).

In addition, the intimal flap, which separates the lumen into TL and FL, has a notable
movement in the cardiac cycle observed via CT imagingl®3!. It is found that the intimal flap is
unfilled toward FL at the systolic period, but unfilled toward TL at the diastolic period. Using
fluid-structure interaction, more insights into the intimal flap movement have been achieved.
Keramati et al.3® showed that the temporal waveform of the pressure difference between FL
and TL corresponded to the drastic intimal flap movement exactly. Chong et al.l®®! captured the
drastic temporal flap movement and pressure difference between FL an TL by using an efficient
fluid-structure coupling strategy. Xu et al.?” used the pressure difference as an indicator for the
assessment of the severity of TBAD and functional improvement after TEVAR, and obtained
that the position of the zero point of the pressure difference shifted downward along the aorta.
From Fig. 8, it is observed that the pressure difference waveforms also show that the pressure is
larger in TL than in FL at the systolic period, indicating that the intimal flap moves to the FL
side at systolic phase. In contrast, the pressure is larger in FL than in TL at the diastolic period,
indicating that the intimal flap moves to the TL side during the diastolic phase. Moreover, there
are larger peaks on the pressure difference near the entry among all the 7 cases, which suggests
a greater displacement of the intimal flap at the proximal of the lesion segment. The larger FL
pressure is also observed and simulated in Ref. [38], and there is the suggestion of restraining
the movement of the intimal flap.

For wave propagation, the reasons for the generation of nonzero pressure difference are
twofold. On the one hand, the pressure wave in FL has a delay compared with that in TL (see
Fig.9). On the other hand, the peak value of the pressure in FL is smaller than the one in TL
(see Figs.9(a) and 9(c)). When blood flows into the FL through the entry, the tear impedes the
flow, which results in the first delay of the wave. Then, the reflected wave from the distal enters
the FL through the re-entry, causing a second delay. The delay of the pressure wave between
FL and TL is the integrated effect of the two delays mentioned above. Comparing Case 2 with
Case 5 in Fig. 9, it is observed that the smaller re-entry tear leads to a smaller peak of pressure
in FL. Rudenick et al.ll has reported that the effect of reduction on the FL pressure is caused
by the decrease in the tear. Additionally, longer FL also reduces the pressure peak since larger
compliance corresponds to larger volume of FL.
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6.4 Effect of distal tear on hemodynamics

Prior studies have shown the importance of tear size in AD, but most of them focused on
the influence of the proximal tear. In this study, the influence of the distal tear has been
studied comprehensively. The obstruction effect on blood between FL and TL can be seen from
Figs. 7(a)-7(c). Since Cases 2 and 3 have 10% and 40% of the distal tear size as that of Case 1,
the flow profiles are damping at the distal tear in Cases 2 and 3, and there are nearly no flow
rates at the re-entry, causing the flow exchange between FL and TL only through the entry in
Cases 2 and 3. The flow profiles in Cases 4 and 5 indicate that the bigger the distal tear is, the
stronger the retrograde flow becomes. In contrast, the increment of the distal tear does not lead
to much increase in the flow rate in FL (see Figs. 7(d) and 7(e)). This can be explained from
Eq. (10) that the tear size almost has no significant influence on the resistance at larger tear
size. Comparing Case 2 with Case 5 in Fig. 9, it is observed that the smaller re-entry tear leads
to a smaller peak of pressure in FL. This result agrees well with the result of Rudenick et al.[?l,
Rudenick et all?l also pointed out that smaller tears resulted in a larger pressure difference
between FL and TL, which is consistent with our results in Figs.8(a) and 8(b). Additionally,
longer FL also decreases the peak of pressure (see Fig.9(c)). Canchi et al.l® pointed out
that a large distal tear was an overall significant factor influencing FL dilation, which might
correspond to the stronger retrograde flow led by the larger distal tear. Our study also confirms
the greater possibility of thrombosis for the smaller distal tear showing that the distal flow is
extremely small for easy thrombosisi®?l. All the results show that the distal tear also requires
more attention.

7 Limitations and prospect

Despite the local and global characteristics of flow in TBAD revealed by using the 0D-1D
model, there are still some limitations in this study. First, the single peak inlet flow profile and
the generic data of arteries are used in our 0D-1D simulation, which cannot perform a variety of
flow profiles in FL according to the MRI data from Rudenick et al.l?. In the simulation of this
work, Young’s modulus of healthy vessel walls is employed. However, the mechanical properties
of vessel walls are more complicated for AD aorta. In an in-vitro study!*!), it is observed that
there are a lot of fatty materials between the intimal and median layers, which may bring effects
on the properties of the AD vessel wall. The image-based assessment of mechanical properties
of various vessel walls may be helpful for understanding the mechanical properties under the
pathological conditions of the vessel walls.

Besides, the movement of the intimal flap between TL and FL through the intimal flap has
been neglected. If we want to simulate the movement of the intimal flap by 1D model, we may
change the expression of Eq. (4) by adding the influence of pressure variation on the other side of
the flap. Though our model can shed light on the intimal flap shape in the systolic and diastolic
phases indirectly by the pressure difference between FL and TL, the real intimal flap movement
is not modeled since TL and FL are considered as two individual tubes. Moreover, the spatial
information of the spiral structure of FL along the TL observed in many situations is lost. One
possible solution is using more MRI data for fitting a more precise lumped-parameter model,
such as adding new elements in the lumped-parameter model. Additionally, the tear model from
Ref. [10] is a primary model for only 8 measured data. More simulation and measurements are
needed to investigate the effects of the tear features on the pressure drop across the tear for
the development of a more comprehensive formula. Currently, only two-tear situations are
simulated in this work. In clinic situation, tears frequently appear in patients. For the one-tear
situation, we can occlude one end of FL and apply a reflecting boundary condition*®. While
using the same way dealing with the two-tear condition, the current 1D model can be extended
to analyze the flow with multiple tears.
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8 Conclusions

In this work, a 0D-1D cardiovascular system model is presented to study the flow character-
istics in the cardiovascular system with TBAD. The simulated flow waveforms in FL show the
oscillation and retrograde characteristics, which agree well with the data from the literature.
Our results show that the WI can be used as an accessory index of the degree of FL. A smaller
distal tear results in a smaller retrograde flow and a higher pressure difference since a smaller
distal tear can restrain the pumping-like movement of FL. In contrast, a larger distal tear can
induce a remarkable retrograde flow, which may be associated with the development of type B
into more severe dissection at the proximal end. At the same time, a larger pressure difference
between FL and TL is observed for a larger distal tear, indicating a stronger interplay between
FL and TL at the re-entry. It is also confirmed that the pressure difference between FL and TL
is due to the phase lag of pressure waves in the two lumens. The occurrence of AD has effects
on the flow distributions in the branches within the influenced region of the injured segment,
but has nearly no influence on those of the branches outside the lesion segment. The 0D-1D
modeling can provide a fast system simulation of the cardiovascular system with altered flow
waveforms, flow distributions, and further assessment of ischemia in the main organs and left
ventricular ejection function in AD patients, showing potential applications for future clinical
auxiliaries.
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