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Thoracic endovascular aortic repair (TEVAR) is a commonly performed operation for
patients with type B aortic dissection (TBAD). The goal of TEVAR is to cover the proximal
entry tear between the true lumen (TL) and the false lumen (FL) with an endograft to induce
FL thrombosis, allow for aortic healing, and decrease the risk of aortic aneurysm and
rupture. While TEVAR has shown promising outcomes, it can also result in devastating
complications including stroke, spinal cord ischemia resulting in paralysis, as well as long-
term heart failure, so treatment remains controversial. Similarly, the biomechanical impact
of aortic endograft implantation and the hemodynamic impact of endograft design
parameters such as length are not well-understood. In this study, a fluid-structure
interaction (FSI) computational fluid dynamics (CFD) approach was used based on the
immersed boundary and Lattice–Boltzmann method to investigate the association
between the endograft length and hemodynamic variables inside the TL and FL. The
physiological accuracy of the model was evaluated by comparing simulation results with
the true pressure waveformmeasurements taken during a live TEVAR operation for TBAD.
The results demonstrate a non-linear trend towards increased FL flow reversal as the
endograft length increases but also increased left ventricular pulsatile workload. These
findings suggest a medium-length endograft may be optimal by achieving FL flow reversal
and thus FL thrombosis, while minimizing the extra load on the left ventricle. These results
also verify that a reduction in heart rate with medical therapy contributes favorably to FL
flow reversal.
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INTRODUCTION

Aortic dissection is a catastrophic life-threatening aortic
emergency that can result in aortic rupture, myocardial
infarction, pericardial tamponade, stroke, acute kidney failure,
bowel ischemia, lower extremity ischemia, and in the long-term
congestive heart failure and aortic aneurysms (Prêtre and Von
Segesser, 1997; Collins et al., 2004; Januzzi et al., 2004). Acute
aortic dissection is a tear in the aortic wall, resulting in high-
pressure blood flow through a false passage within the smooth
muscle layer of the aorta, creating a false lumen (FL) channel.
This FL may flow back into the original aortic flow channel (the
true lumen; TL) distally or proximally from the original tear.
Anatomically, aortic dissections are categorized into Stanford
type A involving the ascending aorta and Stanford type B aortic
dissection (TBAD) which occurs in the aortic arch or distally, and
usually extend down to the thoracoabdominal aorta (Baliga et al.,
2007). While type A dissections typically undergo immediate
open repair of the ascending aorta, the thoracoabdominal
segment of aorta cannot be repaired at the same time, so
patients are typically left with a residual dissection, which is
anatomically similarly to a de novo type B dissection (Girish et al.,
2016; Magee et al., 2019). The first line treatment for TBAD is
medical treatment to decrease systolic blood pressure and heart
rate which decreases the risk of rupture and progression of
disease, but there is growing evidence that early thoracic
endovascular aortic repair (TEVAR) may result in improved
outcomes to medical management alone (Baliga et al., 2007;
Thrumurthy et al., 2011; Magee et al., 2019). TEVAR for
TBAD occludes the flow of blood across the proximal aortic
tear and shunts it back into the TL. This decompresses the FL,
causes thrombosis within the FL, and thereby allows it to heal
(Mathlouthi et al., 2021).

By decreasing FL flow, TEVAR thus allows for aortic healing
and decreases the risk of subsequent aortic aneurysm and rupture
(Thrumurthy et al., 2011; Girish et al., 2016; Yazdani et al., 2017;
Yazdani et al., 2018; Yin et al., 2022). Clinical data have found that
TBAD patients with complete FL thrombosis have improved
outcomes, whereas failure of FL thrombosis, and persistent FL
flow is a predictor of adverse outcomes (Williams et al., 1997; Tsai
et al., 2007; Thrumurthy et al., 2011). However, flow patterns in
TBAD are poorly understood due to the complexity of patient-
specific anatomy and physiology as well as the limitations of
imaging modalities (Birjiniuk et al., 2020). While TEVAR has
shown promising results in the treatment of TBAD patients, the
permanent implantation of a prosthetic endograft can cause its
own set of problems including spinal cord ischemia with resulting
paralysis, stroke, and long-term heart failure. Current endografts
have significantly great stiffness and anisotropy compared to the
native aorta (Tai et al., 2000). The compliance mismatch between
the endograft and the native aorta can lead to a cascade of
hemodynamic alterations which affect the aortic wave dynamic
and may contribute to subsequent cardiovascular complications
such as congestive heart failure (Vlachopoulos et al., 2010;
Takami et al., 2012). Deleterious effects of compliance
mismatch can even occur proximal to the endograft by
affecting delicate hemodynamic balance between the left

ventricle (LV) and vascular network which exists in normal
physiological condition (Kolh et al., 2000). Therefore, much
remains to be understood about the biomechanical
consequences of TEVAR for TBAD and what length of
endograft is optimal for treatment.

The objective of this study is to evaluate the impact of endograft
implantation in TEVAR on the unique fluid dynamics behavior of
the pulsatile blood flow in the TL and FL. We used an idealized
geometry to focus on the overall behavior of the hemodynamics
independent of individual patient anatomy. Due to the extensive
endograft-related variability in TEVAR, this study focused
primarily on the impact of endograft length. We examined the
impact of endograft length on the LV pulsatile workload (as an
indicator of global cardiovascular state (Pahlevan and Gharib,
2011a; Pahlevan and Gharib, 2013; Aghilinejad et al., 2021a))
and the FL flow reversal (as a predictor for FL thrombosis
(Birjiniuk et al., 2017; Birjiniuk et al., 2019)). While the optimal
treatment modality for type B dissection is currently the subject of
considerable debate, this study provides insight on the impact of
TEVAR on aortic fluid dynamics.

MATERIALS AND METHODS

Physical Problem
A schematic representation of the 3D axisymmetric model of the
dissected aorta along with the illustrative images from TBAD
patient is shown in Figure 1. In our idealized model, it is assumed
that the TL is located concentric within the aorta and the FL is
formed uniformly around the TL, connected with the flexible and
compliant septum in the middle (Rudenick et al., 2015; Rudenick
et al., 2017). For modeling the dynamics of the LV, the time-
varying elastance model is used as an inlet condition of the
dissection model (Amlani and Pahlevan, 2020). The importance
of outflow boundary conditions to capture physiologically
accurate hemodynamic waveforms is highlighted in the
previous works (Olufsen, 1999; Karniadakis et al., 2005;
Grinberg and Karniadakis, 2008). In this study, the extension
tube boundary model (Pahlevan et al., 2011) was used as the
outflow boundary condition to capture the compliance,
resistance, and wave reflections of the downstream vasculature
(Karreman, 1952; Aghilinejad et al., 2021b). The dimensions of
the model are chosen within the average physiological range; the
length of the TL is chosen from descending aorta to the
bifurcation; and the length of the septum is chosen from
descending aorta to renal arteries (Girish et al., 2016). The
length of the endograft is varied in the range of 4–20 cm to
cover the whole range of currently utilized endografts
(Thrumurthy et al., 2011). To investigate the effect of
endograft length in this study, endograft-septum length ratio
(λ) is defined as λ � Graft Length

SeptumLength. Based on the utilized parameters
in this study, λ ∈ (0.13, 0.26, 0.40, 0.53, 0.66), where λ �
0.13 is considered to be short endograft, λ � 0.40 is
considered to be medium endograft, and λ � 0.66 is
considered to be long endograft. To account for the
compliance mismatch between the replaced endograft and
native aorta, the aortic wall and septum are considered to be
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compliant with stretching coefficient of the human aorta while
the endograft is assumed to have a rigid wall. The physical
parameters of this study are summarized in Table 1.

Mathematical Formulation
The immersed boundary-lattice Boltzmann method (IB-
LBM) was used for the analysis of fluid flow with moving
boundaries. To solve the pressure and flow fields in the fluid
domain, a single-relaxation-time (SRT) incompressible LBM
was used as an efficient solver of Navier–Stokes equations
(Lee et al., 2005; Wang et al., 2015). In such a method, the
synchronous motions of the particles on a regular lattice are
enforced through a particle distribution function. This
distribution function enforces mass and momentum
conservation. It also ensures that the fluid is Galilean
invariant and isotropic. The evolution of the distribution
functions on the lattice is governed by the discrete
Boltzmann equation with the BGK
(Bhatnagar–Gross–Krook) collision model and the forcing
term to couple the fluid and solid domains as

f i(x + eiΔt, t + Δt) − f i(x, t) � −1τ [f i(x, t) − f eqi (x, t)] + ΔtFi,

(1)
where f i(x, t) is the distribution function for particles with velocity ei
at position x and time t. Δt and Δx are the time step and lattice space,
respectively. The sound speed is c � Δx

Δt � 1. τ is a dimensionless
relaxation time constant which is associated with fluid viscosity in the
form μ � ρϑ � ρc2s(τ − 1

2)Δt, where ϑ is the kinematic viscosity and
cs � 1�

3
√ c is the lattice sound speed. The equilibrium distribution

function for incompressible LBM and the forcing term are defined as

f eqi � ωiρ0 + ωiρ[ei · vc2s + (ei · v)2
2c4s

− v2

2c2s
], (2)

Fi � (1 − 1
2τ)ωi(ei − v

c2s
+ ei · v

c4s
ei) · f , (3)

where ωi is the weighting factor, ρ0 is related to the pressure by
ρ0 � p

c2s
, f is the force density at the Eulerian point, and velocity v

can be calculated by

FIGURE 1 |CT image (A) axial and (B) sagittal planes of the type B dissection patient. (C) Idealized model of type B aortic dissection with arrows indicating different
segments of the model.

TABLE 1 | Geometric and material parameters used in the computational models.

Name Variable Value References

Length of the aortic model (cm) L 40 Pahlevan and Gharib, (2011b)
Length of the septum (cm) Lseptum 29 Williams et al. (1997)
Radius of the aorta (cm) raorta 1 Rudenick et al. (2013)
Bending coefficient of wall (Pa ·m3) EI 2 × 10−7 Engelmayr et al. (2003)
Length of the outflow boundary model (cm) Lboundary 15 Pahlevan et al. (2011)
Contraction ratio of the rigid boundary model κ 0.4 Pahlevan and Gharib, (2011a)
Volume compliance of the boundary model (m3/Pa) Coutflow 3.14 × 10−11 Pahlevan et al. (2011)
LV compliance (ml/mmHg) Cv(t) Figure 5 Berger et al. (1994)
LV dead volume (ml) Vdead 4 Amlani and Pahlevan, (2020)
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ρ0 � ∑ f i, (4)
ρv � ∑ eif i + 1

2
fΔt. (5)

At the interface of the aortic and septal wall with the fluid, the
IB algorithm was used, and the bounce-back boundary condition
was used for modeling the fluid flow at the interface of the rigid
boundary (endograft). A source term was considered (Lee et al.,
2005) to satisfy the axisymmetric condition at the centerline (Bilgi
and Atalık, 2020). To compute the deformation of the elastic
aortic and septum wall, the dynamic motion of these two in the
Lagrangian form is solved using

ρsh
z2X
zt2

� z

zs
⎡⎢⎢⎣Eh⎛⎝1 − (zX

zs
· zX
zs

)−1/2⎞⎠ zX
zs

− z

zs
(EI z2X

zs2
)⎤⎥⎥⎦

+ FL,

(6)
where s is the arclength of the wall, h is the thickness, X �
(X(s, t),Y(s, t)) is the position of the wall, ρs is the density of the
aortic and septum wall, Eh is the stretching stiffness, EI is the
bending stiffness, and FL is the Lagrangian force exerted on the
wall by the surrounding fluid. The simple support boundary
condition applied at the fixed points of the two sides of the
septum wall (Huang et al., 2007), which is given by

X � X0,
z2X
zs2

� (0, 0). (7)

For the same geometrical configuration, the material
parameter which affects the deformation of the vessel wall
governed by Eq 6 is only the material elasticity (E). Since
there is a range for reported physiological values for vessel
wall elasticity and also there are uncertainties in determining
the septum properties, it is essential to investigate the impact of
selected material parameter on the solution of the dynamical
model (Eq 6). Figure 2 shows the sensitivity analysis of the radial
displacement of both the intimal septum and aortic wall
computed at the center of the model during one cardiac cycle
with different material elasticities. While the results show our
model is able to capture the effect of elasticity on dynamic motion
of the wall, the overall shape of the displacement waveform for

different elasticities is preserved. In this study, we used the
baseline parameters reported in Table 1.

Implementations of the Boundary
Conditions
The LV was modeled as a time-varying compliance model
coupled with the aorta. The extension tube outflow boundary
model was used for the truncated vasculature at the outlet of our
3-D FSI solver. At the inlet, the pressure pv(t) inside the LV and
the corresponding volume Vv(t) in the LV are connected via
time-varying compliance Cv(t) given by

Vv(t) − Vdead � Cv(t)pv(t). (8)
In Eq 8, the constant Vdead known as the dead volume is the

limit for pressure generation. Substituting the relation between
the flow into the aorta with the Vv(t) and differentiating Eq 8
with respect to t, we can get the following ordinary differential
equation (ODE) for the pressure inside the LV

zpv(t)
zt

� − 1
Cv(t)[zCv(t)

zt
pv(t) + Q(x � 0, t)]. (9)

Clinically, Cv(t) stands for inverse of LV end-systolic elastance
(Ees) which is the measure of LV contractility (Amlani and
Pahlevan, 2020; Berger et al., 1994) (Figure 3A). Once Pv(t) is
greater than the pressure at the interface of the aorta and the LV,
the valve opens and p(x � 0, t) � pv(t) with the flow condition
given by the fluid solver (the ODE condition). Once the inflow
reaches zero (or, numerically, the time at which Q(x � 0, t)≤ 0),
the valve closes, and the left boundary condition remains
Q(x � 0, t) � 0 (a Dirichlet-type condition). Figure 3A shows
the empirically given time-varying compliance (Cv(t)) reported
from clinical data for normal contractile state of LV (Berger et al.,
1994). Figure 3B demonstrates the computed sample flow
response to the LV model at the aortic root in our model
resulting in 5.7 L/min for average cardiac output (CO) over
the cycle T.

At the terminal boundary x � L, the physical outflow
boundary model approximates the effect of the truncated
vasculature and peripheral vessels. This extension tube
boundary model is a simple outflow boundary condition for

FIGURE 2 | Radial vessel wall displacement waveform at the center of the model for (A) intimal septum, and (B) the aortic wall for various elasticities.
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three-dimensional fluid-structure interaction (FSI) simulation of
pulsatile blood flow in compliant vessels. In this structural model,
the computational domain is extended with an elastic tube
connected to a rigid contraction to account for the
compliance, resistance, and the wave reflection of the
truncated vascular network. Previous studies showed that this
model is suitable for cardiac transient (non-periodic) events
(Pahlevan et al., 2011; Kang et al., 2019). The parameters of
the outflow boundary condition model are given in Table 1,
where the contraction ratio κ is the ratio of the radius of the rigid
boundary tube (after the contraction) to the original radius
(before the contraction). The presence of the rigid contraction
is more attributed to the required resistance for the system, while
the elastic portion accounts for the compliance of the eliminated
vasculature. These parameters are chosen based on the data in the
literature to physiologically capture wave dynamics in the aorta
(Pahlevan et al., 2011; Kang et al., 2019).

Numerical Method
The D2Q9 velocity model is applied in the LBM with the sound
speed c where the velocity set is given by

ei �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0 i � 0

(cos[(i − 1) π
2
], sin[(i − 1) π

2
])c i � 1, 2, 3, 4

�
2

√ (cos[(i − 5) π
2
+ π
4
], sin[(i − 5) π

2
] + π

4
)c i � 5, 6, 7, 8

.

(10)
Axisymmetric LBM is implemented in this study using an

incompressible D2Q9 BGK model. In pseudo-Cartesian
coordinates (x, r) for describing 3D axisymmetric flow, Eq 1
can be transformed into

f i(x + eiΔt, t + Δt) − f i(x, t) � −1τ [f i(x, t) − f eqi (x, t)] + ΔtFi(x, t)
+Hi(x, t),

(11)
where a source term Hi(x, t) is given by

Hi(x, t) � Δth(1)i (x, t) + Δt2h(2)
i (x, t), (12)

h(1)
i � −ωiρvr

r
, (13)

h(2)
i � −ωi

3ν
r
[zyP + ρzxvxvr + ρzrvrvr + ρ(zrvx − zxvr)eix]. (14)

Hi(x, t) is the added source term into the collision step defined
based on h(1)i and h(2)i with P � c2s · ρo. The source term is added
to recover the extra terms caused by the curvature from the
continuity equation and Navier–Stokes equation in cylindrical
coordinates (Lee et al., 2005; Huang and Lu, 2009). For
calculating the derivatives of the velocity vector along the
radial and axial directions, the terms zrvx + zxvr, zxvx, and
zrvr can be obtained by the following equation (Lee et al., 2005):

ρν(zβvα + zαvβ) � −(1 − 1
2τ)∑8

i�0(f i − f eqi )eiαeiβ + o(ε2), (15)

where substituting α � x and β � r gives us a relation for
zrvx + zxvr; substituting α � β � x gives us a relation for zxvx;
and substituting α � β � r gives us a relation for zrvr. For
calculating zrvx − zxvr in Eq 14 the only value left unknown is
zxvr. Below is a finite difference method employed to obtain zxvr
at lattice node (i, j) with the following expression:

(zxvr)(i,j) �
(vr)(i+1,j) − (vr)(i−1,j)

2Δx . (16)

The solid deformation equation (Eq 6) was solved by the finite
element method (FEM) (Doyle, 2001). The IB method was used
to couple the fluid and solid solvers. Particularly, implicit velocity
correction-based IB approach was used in this study which has
been extensively used to simulate the FSI problems in
cardiovascular biomechanics (Peskin, 2002; Mittal and
Iaccarino, 2005). In this method, the body force term f is used
as an interaction force between the fluid and the boundary to
enforce the no-slip velocity boundary condition by introducing
an intermediate velocity v* by

v(x, t) � vp(x, t) + δv(x, t). (17)
The relation between the velocity correction δv and the body

force term f is

ρδv(x, t) � 1
2
f(x, t)δt. (18)

FIGURE 3 | (A) Time-varying left ventricular compliance Cv(t), and (B) computed flow waveform at the aortic root using our computational model.
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While in the conventional IBM, f is computed in advance and
then the velocity correction δv and corrected velocity v(x, t) are
explicitly computed, there is no guarantee the velocity at the
boundary satisfies the no-slip boundary condition (Wu and Shu,
2009). In the revised implicit velocity correction-based immersed
boundary approach, the velocity correction δv term at the
Eulerian point (fluid domain) can be first obtained by the
following Dirac delta function interpolation as

δv(x, t) � ∫
Γ
δV(s, t)δ(x − X(s, t))ds, (19)

where δ(x − X(s, t)) is smoothly approximated by a continuous
kernel distribution and δV(s, t) is the unknown velocity
correction vector at every Lagrangian point at the FSI
boundary Γ as proposed by previous works (Wu and Shu,
2009). Note that in the notation above, x is the Eulerian
coordinates related to the fluid phase while X stand for
Lagrangian coordinates related to the solid phase. In order to
meet the non-slip boundary condition, the fluid velocity at the
boundary point Ω obtained by the smooth δ function
interpolation must be equal to the wall velocity V at the same
position. Its mathematical expression is

V(s, t) � ∫
Ω
v(x, t)δ(x − X(s, t))dx. (20)

Substituting Eqs. 17–20, we can get the following equation:

V(s, t) � ∫
Ω
vp(x, t)δ(x − X(s, t))dx + ∫

Ω

⎡⎢⎢⎢⎢⎢⎣∫
Γ
δV(s, t)δ(x

− X(s, t))ds⎤⎥⎥⎥⎥⎥⎦δ(x − X(s, t))dx.

(21)
where the only unknown velocity correction δV(s, t) can be
obtained by solving this equation. In the utilized IB approach,
after determining the velocity correction terms via Eq 17, the
force density acting on the fluid phase f can be calculated using
Eq 18. Lastly, the boundary force density at Lagrangian points FL
can be explicitly found by

FL(s, t) � −∫
Ω
f(x, t)δ(x − X(s, t))dx. (22)

The clinical and physical quantities were connected to the
numerical quantities using dimensionless parameters including
the Womersley number Wo � raorta

��αρ
μ

√
where raorta is the

reference length (radius of the aorta) and α is the pulsation
frequency (i.e., heart rate) (Doyle, 2001; Huang et al., 2018). For
spatial and temporal discretization, each simulation was run at
D
Δx � 32 with a time step of T

Δt � 50, 000(T � 2 · π/α). Mesh
independence studies are done on the pressure profiles at
different cross-sections of the model to ensure that this mesh
density and time step are sufficient for the accurate calculations.
Simulations were run on USC’s center for advanced research
computing cluster nodes, each node equipped with 20 cores
(2,600 MHz) with 64 GB memory. At least 10 cardiac cycles

were simulated to ensure a periodic steady state was reached.
The complete FSI solver for the LV-dissection model is
summarized in the pseudo-code of the algorithm shown in
Figure 4.

Hemodynamic Analysis
The pulsatile power (�Ppulse) was used in this study to quantify the
LV power requirement. �Ppulse is the difference between the total
power �Ptotal and the steady power �Ps. The total power was
calculated based on the average product of the pressure p(t)
and flow q(t) during one cardiac cycle T, while steady power was
calculated based on the product of the average pressure and
average flow during a cardiac cycle. Each of these power
quantities are respectively given by

�Ptotal � 1
T
∫T

0
p(t)q(t)dt, (23)

�Ps � pmeanqmean, (24)
�Ppulse � �Ptotal − �Ps. (25)

Reverse Flow Index (RFI) is calculated to quantify the flow
reversal as a measure to predict thrombose formation,
following the works done by Birjiniuk et al. (Birjiniuk et al.,
2017; Birjiniuk et al., 2019; Birjiniuk et al., 2020). RFI is defined
as the ratio of the retrograde flow Qreverse (which is in the
opposite direction of the systemic circulation) over the
absolute summation of the antegrade flow Qforward (which is
in the same direction of the systemic circulation) and
retrograde flow, given by

RFI �
∣∣∣∣∣∫T

0
Qreversedt

∣∣∣∣∣∣∣∣∣∣∫T

0
Qreversedt| +

∣∣∣∣∣∫T

0
Qforwarddt

∣∣∣∣∣ × 100. (26)

To quantify Qreverse and Qforward, velocity profiles in each
lumen were integrated across luminal cross-sections at
different zones (Figures 5A, B) at each cardiac phase.

Patient Description and Invasive Clinical
Measurement
Data from a TBAD patient undergoing TEVAR was studied
and utilized to examine the physiological accuracy of our
model. The participant was provided with written informed
consent and all protocols were approved by the Keck Medical
Center of the University of Southern California (USC)
Institutional Review Board. The dissection started distal to
the origin of the left subclavian artery and extended to the
infrarenal aorta and the TEVAR endograft extended from
proximal to the left subclavian to the mid-descending
thoracic aorta. The entire patient’s aorta was imaged before
and after the TEVAR with computed tomography angiography
(CTA) with 1 mm slices, and illustrative images in the axial
and sagittal planes are shown in Figures 1A, B. The
ComboMap system with a ComboWire guide wire (Philips
Volcano Corporation) was used to acquire pressure and flow
data inside the TL and FL. The guide wire was 0.36 mm in
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diameter and 185 cm in length. The sensor contained a
pressure transducer and an ultrasound transducer, both
mounted in a single housing at the tip of the guide wire.
Data collected during invasive assessment were extracted
directly from the ComboMap system at 200 Hz sampling
rate. The measurements were done at all different aortic
zones as demonstrated in Figures 5A, B. Samples of the
invasive measured pressure waveforms are shown in
Figures 5C at different zones inside the FL post-TEVAR.

RESULTS

Physiological Accuracy of the Model
A sample pressure inside the TL and FL at zone 4 is shown in
Figure 6A. The expected fiducial features of the pressure wave
inside the TL including the pressure dicrotic notch can be seen in
this Figure. The shape of the FL pressure waveform matches well
with the measured data shown in Figure 5C. Figure 6B
demonstrates the computed flow waveform inside the FL at

FIGURE 4 | Steps for implementation of IB-LBM-FEM algorithm to numerically solve the LV-Dissection system model with time-varying elastance LV input.

FIGURE 5 | Schematic of type B aortic dissection (A) pre- and (B) post-TEVAR. Different zones are classified for computing hemodynamic quantities. (C) Invasive
pressure data measured post-TEVAR via the ComboMap system from the patient.
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the place where the endograft is implanted. The flow pattern
consists of systolic biphasic flow which is similar to the findings of
Rudenik et al. (Rudenick et al., 2017) who reported the phase-
contrast magnetic resonance imaging of 31 patients with AD.

Table 2 presents the comparison between the results of our
computational model with our measured invasive clinical data.
Note that the Womersley number and the endograft-septum
length ratio are matched in accordance with the clinical values
based on patient’s characteristics (Wo ≈ 11.2) and TEVAR
procedure (λ ≈ 0.66). Relative pulse pressure (RPP) inside the
FL is used to compare the computational and clinical data, defined
as RPP(i, j) � ppzonei−ppzonej

ppzonej
for i � 5, 6, 7, and j � 4. This

hemodynamic parameter is related to the overall fluid motion
inside the FL, and it is controlled more by the underlying physics
rather than the patient-specific geometry. Therefore, it is suitable to
be utilized for the comparison in this study.

Effect of Endograft Length on Left
Ventricular Workload
Figure 7A gives the left ventricular pulsatile power requirement
�Ppulse as a function of the endograft-septum length ratio (λ) for
different heart rates (HRs). In these cases, the CO of the LV is kept
constant at the value of 5.7 L/min. The calculated pulsatile power
is based on the pressure and flow data at Zone 1 in the TL. As
expected, LV pulsatile power increases at all HRs when the
endograft length increases. Figure 7B demonstrates the left
ventricular pulsatile power requirement as a function of HRs
for different endograft-septum length ratios.

Effect of Endograft Length on FL Flow
Reversal
Figure 8 presents the fluid velocity amplitudes in the fluid
domain as well as the septum and aortic wall displacements at
various snapshots in time during a cardiac cycle of length T for
short and long grafts. The displacement waveform of the intimal
septum 5 cm proximal to the distal tear in the presence of short,
medium, and long endografts is shown in Figure 9.

Figure 10 presents the sample of velocity profile inside the FL
for short, medium and long endografts. The velocity is computed
at the center of the of the FL 5 cm proximal to the distal tear.
Figure 11A demonstrates RFI (to quantify FL flow reversal) as a

FIGURE 6 | Simulated (A) pressure inside the TL and FL at zone 4 and (B) flow inside the FL at zone 4 for λ = 0.66 and HR = 60 bpm.

TABLE 2 | Comparison between invasive clinical measurements and the results
from our computational model.

Hemodynamic Variable RPP(4, 5) RPP(4, 6) RPP(4, 7)

Measurement Type
Invasive Clinical Data 0.059 0.088 0.294
FSI Computational Model 0.044 0.073 0.327

*RPP(i, j) � ppzonei−ppzonej

ppzonej
are calculated for comparing the clinical and computational

data. Zones’ classification is illustrated in Figure 7A.

FIGURE 7 | Average LV pulsatile power requirement per cardiac cycle versus (A) the λ (endograft-septum length ratio) at different HRs and versus (B) the HR at
different λ.
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function of λ for different HRs. RFI is reported based on the
average of the values computed at Zones 4, 5, and 6 inside the FL
(Figure 3B). Similar to the previous section, the CO of the LV is
kept constant at the value of 5.7 L/min. Figure 11B shows RFI as a
function of HRs for different endograft-septum length ratios.

Effect of LV Contractile State on FL Flow
Reversal
Figure 12A demonstrates the pressure inside the TL at zone 4 for
three different LV contractility demonstrated by Ees. Figure 12B
presents RFI as a function of endograft-septum length ratio (λ)

for these three different contractile states of the left ventricle
(Ees � 2.05mmHg/ml corresponds to CO � 5.7L/min). These
simulations run at fixed HR of 60 bpm.

DISCUSSION

In this study, we investigated clinically relevant hemodynamic
patterns inside the TL and FL after endovascular repair using a
physiologically accurate idealized model of TBAD. Our results
suggest that: 1) There is a non-linear trend towards increased FL
flow reversal as the endograft length increases but with an

FIGURE 8 | Spatial distribution of fluid and solid behavior in the FSI type-B dissection model at various times during the cardiac cycle. The zig-zag boundary shows
the graft (rigid) schematically and the dashed wall represent the axis of the symmetry. The flow direction is from left to the right.

FIGURE 9 | Simulated septum wall displacement waveform for different
graft lengths during one cardiac cycle. The data are collected 5 cm proximal to
the distal tear.

FIGURE 10 | Simulated flow velocity waveform inside the false lumen for
different graft lengths during one cardiac cycle. The data are collected 5 cm
proximal to the distal tear.
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increased LV workload, 2) at a given heart cardiac output, lower
HR enhances FL flow reversal and recirculation independent of
the endograft length, and 3) at a given HR, a reduced LV
contractility enhances FL flow reversal and reduces the systolic
blood pressure.

Model Validation Against Invasive Clinical
Measurements
We utilized FSI computational model of the coupled LV-aorta
system to gain insight on the biomechanical behavior of blood
flow in type B dissection following TEVAR. Numerous
computational models, both patient-specific and lumped
parameter (Cheng et al., 2015; Aghilinejad et al., 2020; Ong
et al., 2020) are available in the literature and provide
additional information on flow patterns in aortic dissection
which are not possible by imaging alone (Alimohammadi
et al., 2015; Naim et al., 2016). While there are significant data
supporting the impact of intimal septal motion on disease
progression (Birjiniuk et al., 2017; Ong et al., 2020), past
studies on dissection modeling assumed rigid vessel wall. This
assumption leads to neglecting the septum dynamics and wall
compliance which has been shown to play a critical role in

understanding hemodynamics (Birjiniuk et al., 2017; Ong
et al., 2020; Peelukhana et al., 2017). In addition, due to
inability of such models in capturing wave dynamics, they are
unable to describe detailed pulsatile flow and wave reflection
(Rudenick et al., 2015; Ong et al., 2020). Our model is among the
first which is able to capture the septal motion in TBAD. Results
from simulations have been compared to invasively measured
clinical data acquired during a TEVAR operation (Figure 5C) to
verify the clinical relevancy of the computational model (Figure 6
and Table 2). The dimensionless pressure index inside the FL
(RPP) was utilized to compare the in vivo results with our
simulation. Table 2 shows that the calculated RPP from
simulation data is within the range of clinical data and follow
a similar trend. The computed flow waveform inside the FL
(Figure 6B) shows the similar characteristics with the reported
clinical MRI data in the literature (Rudenick et al., 2017). These
confirm the physiological accuracy of our study for the purposes
of investigating hemodynamics of TBAD.

Impact of Endograft Length on LVWorkload
The first novel finding in this study is related to examining the
impact of endograft-aortic compliance mismatch on LV power
requirement which is a global hemodynamic metric of the

FIGURE 11 | Average Reverse Flow Index inside the FL per cardiac cycle versus (A) the λ (endograft-septum length ratio) at different HRs and versus (B) the HR at
different λ.

FIGURE 12 | (A) Simulated pressure inside the TL at zone 4 for different levels of LV contractility, and (B) Average Reverse Flow Index inside the FL per cardiac cycle
versus the λ (endograft-septum length ratio) at different levels of LV contractility. Ees � 2.05mmHg/ml corresponds toCO � 5.7l/min, Ees � 2.00mmHg/ml corresponds
to CO � 5.2l/min, and Ees � 1.95mmHg/ml corresponds to CO � 4.7l/min.
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cardiovascular system. The replacement of highly elastic native
aorta with non-compliant endograft reduces compliance and
alters the aortic wave dynamics. This alteration has been
shown to translate into additional workload on the LV,
eventually inducing adaptive hypertrophy (Spadaccio et al.,
2016). However, to the best of our knowledge, the effect of
this compliance mismatch between the aorta and the
endograft on hemodynamic variables has not been
quantitatively studied. In this study, we investigated the effect
of this compliance mismatch via changing the endograft length
on LV pulsatile load. LV pulsatile load is the result of complex
wave dynamics and LV-aorta coupling and has been used as a
global hemodynamic index to monitor different wave conditions
in the vasculature (Pahlevan and Gharib, 2013). Indeed, previous
clinical studies suggested that reducing LV pulsatile load is an
important therapeutic target in HF (Mitchell et al., 2001). Our
results suggest a trend towards increased LV workload as
endograft length increases at different heart rates (Figure 7).
This finding is in line with previous observations in terms of
increase in pulsatile load due to the overall decrease in aortic
compliance (Pahlevan and Gharib, 2011a; Pahlevan and Gharib,
2013). While longer endografts have the advantage of covering
more tears in AD, this undesirable effect can be a limiting factor
for clinicians when choosing endograft length.

Impact of Endograft Length on FL
Thrombosis
Current understanding indicates that increased FL flow reversal
enhances thrombosis, and patients exhibiting reversed flows
within the FL may be more likely to develop complete FL
thrombosis (Karmonik et al., 2012; Birjiniuk et al., 2017); this
is considered as a positive prognostic indicator (Tsai et al., 2007;
Thrumurthy et al., 2011). Figure 8 presents the spatial
distributions of the flow velocity and wall displacement in the
presence of short and long endografts. As expected, there is
significant difference in the septum wall displacement during
the cardiac cycle between these two models; the presence of a
longer endograft leads to the decrease in the overall compliance of
the system and smaller radial displacement of the intimal septum
which is quantified in Figure 9. The velocity profile for short,
medium, and long endografts is presented in Figure 10.
Regarding the overall dynamics of the septum and the flow,
lower compliance of the repaired aorta with longer endografts
leads to the earlier development of the antegrade flow inside the
false lumen. To be mentioned that RFI which is the measure for
thrombose prediction is the ratio of the retrograde flow over the
total flow. Therefore, although the amplitude of both the
antegrade and retrograde component of the flow data is
smaller inside in the model with longer endografts
(Figure 10), the averaged RFI of different sites in these
models is higher (Figure 11). In other words, our results
suggest that increase in endograft length enhances FL flow
reversal. This may be attributed to a reduction in the overall
compliance of the septal wall as the native aorta is replaced with a
rigid endograft, leading to less unidirectional flow into the FL and
an increase in FL flow reversal. However, while the FL flow

reversal enhances significantly as the endograft length increases
from the short-size to medium-size (e.g., at HR � 60 bpm, 65%
increase in RFI from λ � 0.13 to λ � 0.40), there is a minor
enhancement in RFI as the endograft length increases beyond
λ � 0.40 (e.g., at HR � 60 bpm, a 12% increase in RFI from λ �
0.40 to λ � 0.66). This finding suggests that medium-size
endograft replacement (λ � 0.40) may achieve high FL flow
reversal (predictor of FL thrombosis) with minimal extra
pulsatile load on LV.

Effect ofMedical Therapy on FL Thrombosis
Although many TBAD patients undergo surgical aortic repair,
medical therapy remains an essential part of their treatment. The
primary objective of this pharmacological therapy is the
reduction of the rate of rise of systolic aortic pressure (Prêtre
and Von Segesser, 1997; Mészáros et al., 2000; Baliga et al., 2007).
Beta-blocking agents are the mainstay of pharmacologic therapy
for TBAD as they reduce the HR and decrease the intrinsic
contractile state of the heart. This study evaluated the effect of
both these parameters (HR and LV contractility) on FL flow
reversal. The results demonstrated that decreasing HR at a fixed
CO enhances FL flow reversal (Figure 12B). Furthermore, lower
HR led to increased flow reversal index (Figure 11B) after
endograft deployment. This implies that lower HRs have
favorable outcomes in terms of FL thrombus formation. To
investigate the impact of different contractile states of LV on
FL thrombosis, end-systolic elastance was decreased in our LV
model to simulate the physiological response to beta blockers
(reduced contractility). The results indicated that reduced
contractility (at a fixed HR) enhances FL flow reversal.
Ultimately, results suggest that medical therapy in TBAD
patients not only achieves the therapeutic goal of reducing the
systolic blood pressure (Figure 12A), but also contributes
favorably to FL flow reversal (Figure 12B).

Study Limitations
This study has certain limitations that should be considered. The
dissection model used in this study is constructed based on
average physiological values in TBAD patients and is based on
a simplified (idealized) model of TBAD. This model is limited by
the number of tears considered in the septummodel as well as the
exclusion of aortic branches and the aortic arch. While the
geometry of TBAD can be very complex due to tortuosity,
irregularities of luminal diameter along the dissection, multiple
fenestrations in the septum wall and partial FL thrombosis, our
model is intended to contribute to the understanding of the
hemodynamics in TBAD independent of each individual. This
generic model is ideal to provide insights on the impact of one
parameter at a time (e.g., endograft length) while controlling all
other parameters. We also utilized Newtonian flow assumption
for the fluid in this study. This assumption is still conventionally
used in both experimental and CFD studies in large arteries
(Iskander et al., 2021). However, future studies are needed to
investigate the significance of non-Newtonian flow behavior in
TBAD modeling in terms of FL flow reversal after TEVAR.
Another major assumption in this study is to model the
endograft as a rigid material. While current commercially
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available endografts are not fully rigid, previous studies reported
the measured elasticity of endografts are up to sixteen times larger
than that of the aorta (Vardoulis et al., 2011). For this reason, the
assumption of rigid endograft in this study is reasonable.

CONCLUDING REMARKS

The present study provides a comprehensive analysis of the role
of endograft length on both global and local hemodynamic
variables in TBAD anatomy. The computational model used
here illustrates the amplitude and the form of the septum
displacement in TBAD (Figure 8, 9). The significance of the
septum displacement necessitates the FSI modeling for
capturing the wave dynamics in this disease. Trends towards
increased FL flow reversal (Figure 11) and increased pulsatile
workload with increasing the endograft lengths were observed
(Figure 7). This trade-off between desirable impact on FL flow
reversal via longer endografts and their undesirable impact on
LV workload suggest that there may exist an optimal endograft
length that can lead to improved long-term clinical outcomes.
Based on the non-linear increase in FL flow reversal with
increased endograft length (Figure 11), our results suggest
medium-length endografts can lead to relatively high FL flow
reversal (and consequent FL thrombosis) with minimal extra
load on the LV. Another major finding of this study is related to
the role of medical therapy on the hemodynamic state in TBAD.
Our results indicate that medical therapy can achieve the
therapeutic goal of reducing the systolic blood pressure and
contribute favorably to FL flow reversal and FL thrombosis.
Further clinical studies are needed to assess the role of endograft
length on hemodynamic variables following TEVAR. Further
patient-specific modeling can also be conducted utilizing the
FSI approach to provide additional information on flow
patterns and the comparison among different TBAD patients
in the presence of the patient-specific septum dynamics.
Employing such an approach is also helpful in identifying
the possible factors involved in the formation of distal

aneurysm and distal re-entry (Tse et al., 2011; Rudenick
et al., 2015).
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