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A Computational Study
of Dynamic Obstruction in
Type B Aortic Dissection
A serious complication in aortic dissection is dynamic obstruction of the true lumen (TL).
Dynamic obstruction results in malperfusion, a blockage of blood flow to a vital organ.
Clinical data reveal that increases in central blood pressure promote dynamic obstruc-
tion. However, the mechanisms by which high pressures result in TL collapse are under-
explored and poorly understood. Here, we developed a computational model to
investigate biomechanical and hemodynamical factors involved in Dynamic obstruction.
We hypothesize that relatively small pressure gradient between TL and false lumen (FL)
are sufficient to displace the flap and induce obstruction. An idealized fluid–structure
interaction model of type B aortic dissection was created. Simulations were performed
under mean cardiac output while inducing dynamic changes in blood pressure by altering
FL outflow resistance. As FL resistance increased, central aortic pressure increased from
95.7 to 115.3 mmHg. Concurrent with blood pressure increase, flap motion was observed,
resulting in TL collapse, consistent with clinical findings. The maximum pressure gradi-
ent between TL and FL over the course of the dynamic obstruction was 4.5 mmHg, con-
sistent with our hypothesis. Furthermore, the final stage of dynamic obstruction was very
sudden in nature, occurring over a short time (<1 s) in our simulation, consistent with
the clinical understanding of this dramatic event. Simulations also revealed sudden drops
in flow and pressure in the TL in response to the flap motion, consistent with first stages
of malperfusion. To our knowledge, this study represents the first computational analysis
of potential mechanisms driving dynamic obstruction in aortic dissection.
[DOI: 10.1115/1.4056355]

1 Introduction

1.1 Clinical Background. Thoracic aortic dissection (TAD)
is characterized by a disruption of the intima, which leads to
delamination of the aortic wall and creation of a true lumen (TL)
and a false lumen (FL) [1]. Population-based studies have esti-
mated that TAD occurs at a rate of 3–4 cases per 100,000 people
per year [2,3]. TAD is commonly categorized using the Stanford
classification, which distinguishes between type A aortic dissec-
tion, involving the ascending aorta, and type B aortic dissection
(TBAD) which only involves the descending aorta [4]. One of the
most dramatic complications of TAD is end-organ malperfusion,
which is present in approximately 30% of type A aortic dissection
and 20% of TBAD patients [5–7] and is associated with high mor-
bidity and mortality [8,9]. Malperfusion is defined as inadequate
flow to a vascular territory; if left untreated, it could result in mal-
perfusion syndrome, which includes further complications such as
tissue necrosis and end-organ dysfunction. Vessel malperfusion is
caused by either dynamic obstruction, static obstruction, or a com-
bination of both. Static obstruction occurs when the intimal flap
extends into the branch vessel and causes fixed stenosis of the TL
[10]. However, the pathophysiology of dynamic obstruction is

more complex. Clinically, we have observed two main drivers of
dynamic obstruction. One is the high-pressure-related collapse
described in this paper. The second is the abrupt relief of outflow
obstruction and increase of TL outflow observed after restoration
of flow by aortoiliac stenting can impose collapse of the infrarenal
aorta TL. Stenting that segment can in turn cause collapse of the
TL supplying the celiac and superior mesenteric artery (SMA).
Focused on the first case, we hypothesized that dynamic obstruc-
tion is driven by FL pressure exceeding TL pressure, causing the
flap to drape over the ostium of a branch vessel supplied by the
TL and thus obstruct blood flow.

While dynamic obstruction has been reported in prior clinical
studies, the factors driving this phenomenon remain unknown,
largely due to the challenges of assessing pressure in TL and FL
during dynamic obstruction, at a time when restoration of normal
branch-artery perfusion pressures is the highest clinical priority.
Computational simulations can be used to shed light on this phe-
nomenon via in-silico investigations of the intimal flap motion
and its relation to the pressure gradient across TL and FL.

1.2 Clinical Example of Dynamic Obstruction. A 36-year-
old hypertensive female with renal failure (blood pressure 170/80,
creatinine 4.2 mg/dL) presented with TBAD. To correct hyperten-
sion, intravenous hydralazine, and esmolol were administered. To
determine whether there was a treatable anatomical cause of the
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hypertension, angiograph, and intravascular ultrasound examina-
tions were performed. Intraluminal blood pressure was assessed in
the FL using an arterial catheter. Aortic root pressure was com-
pared with abdominal aorta TL, visceral, and iliac artery pres-
sures. Aortic root and abdominal TL pressures were both 90/50
and the TL was approximately 1=4 of the total aortic cross section
(Fig. 1(a)). No pressure deficits were present in the celiac trunk or
SMA, Renal artery systolic pressure deficits (compared to the aor-
tic root and measured distal to dissection reentry tears) were
70 mm Hg on the right and 15 on the left. While the operators
were preparing to stent the right renal artery, the patient became
hypoxic and developed sinus bradycardia with oxygen saturation
in the low 80 s and a heart rate of 46 bpm. In view of impending
respiratory arrest, esmolol was stopped, fluids were administered,
and a medical code was called. The code team administered
Romazicon (a sedative reversal agent) and atropine (to increase
heart rate), and intubated the patient. After fluids and discontin-
uation of esmolol, cuff blood pressure rose to 110/50, further
increasing to 200/102 after intubation. Intravascular ultrasound
examination, while abdominal aorta TL blood pressure was 159/
83, demonstrated TL collapse with the intimal flap draped over
and prolapsing into the ostia of the celiac trunk and SMA
(Fig. 1(b)). Esmolol was subsequently restarted resulting in nor-
malization of blood pressure (93/53 mmHg) and displacement
of the flap away from the branch vessel ostia, reestablishing
flow to the abdominal aorta TL, celiac trunk, and SMA
(Fig. 1(c)).

1.3 Previous Computational Studies on the Aortic Dissec-
tion. No computational study has thus far investigated aortic
dynamic obstruction and malperfusion. Previous contributions
have been focused on characterizing complex hemodynamics in
aortic dissection, often using patient-specific models with rigid
wall assumptions. Some studies have investigated the effects of
antihypertension medication on hemodynamic parameters [11,12].
Other studies have explored the factors determining FL thrombo-
sis and retrograde aortic dissection [13,14]. Healthy and acutely
dissected aortas were compared to understand the effects of dis-
section geometry on aortic hemodynamics [15]. Other studies
have focused on the effect of connecting tears, including tear size
and location [16]. Reentry tears were also found to have a large
effect on pressure and flow distributions between the TL and FL
[15]. Other anatomical risk factors such as curvature were also

investigated for type B aortic dissection using idealized models
[17]. Rigid wall models were also used to quantify the pressure
difference between the TL and FL. This difference was found to
be smaller than 20 mmHg in a patient-specific analysis [18].

A rigid wall representation of the intimal flap assumes fixed
flap position, and, therefore, is unsuitable to relate flap motion
with pressure gradient between TL and FL. Noting this,
fluid–structure-interaction (FSI) models have been used in aortic
dissection simulations to investigate the effect of the intimal flap
motion on hemodynamic parameters. Compared to analyses under
rigid wall assumptions, FSI simulations are challenging because
of the high complexity and computational cost of the problem,
which deals with the coupled motion of the fluid and solid
[19,20]. An FSI model with rigid intimal flap calculated a peak
systolic 30 mmHg pressure difference between TL and FL [20].
Several studies focused on studying the differences in wall shear
stress between rigid wall and FSI simulations [19,21].

Finally, intimal flap motion was investigated in several studies.
Several studies reported small flap displacements (0.15–1 mm)
after imposing different levels of pressure difference between TL
and FL [19,22,23]. More recently, another study investigated the
impact of intimal flap material stiffness on flap displacement.
Imposing a 5 mmHg pressure difference between TL and FL, flap
displacement varied from 1.4 mm to 13.4 mm as the flap material
stiffness varied from 20 kPa to 800 kPa, respectively [24].

However, to the best of our knowledge, no studies so far have
investigated dynamic obstruction and malperfusion caused by flap
motion.

1.4 Hypothesis and Purpose. In this work, we aimed to
investigate the biomechanical and hemodynamic factors driving
dynamic obstruction in aortic dissection. The above clinical exam-
ple showed that an increase in systemic blood pressure was associ-
ated with dynamic obstruction. Furthermore, pharmacologic
management of systemic blood pressure resulted in restoration of
TL patency. From a clinical perspective, it is not feasible to assess
TL and FL pressure during dynamic obstruction. In this study, we
hypothesized that relatively small pressure differentials between the
TL and FL are sufficient to displace the flap and induce obstruction
because of the highly compliant nature of the intimal flap, concur-
rent with a global increase in systemic blood pressure. To test this
hypothesis, we developed an FSI model of dynamic obstruction in
TBAD, whereby inducing dynamic changes in systemic blood pres-
sure were triggered by altering FL outflow resistance.

Fig. 1 Timeline of dynamic obstruction and blood pressure during baseline infusion of esmolol: (a) follow-
ing discontinuation of esmolol and after intubation, (b) and after vasodilator infusion and esmolol resump-
tion, (c) TL 5 true lumen, FL 5 false lumen, and P 5 abdominal aorta TL blood pressure
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2 Methods

2.1 Geometrical Model. An idealized three-dimensional
(3D) geometrical model of a TBAD was constructed (Fig. 2). The
model consists of fluid and solid domains (noted in red and blue,
respectively). The fluid domain consists of the aorta and main
branch vessels. The uniform aortic diameter and length are 30 and
173 mm, respectively. The model includes the ascending thoracic
aorta, descending thoracic aorta, and abdominal aorta. The branch
vessels include the brachiocephalic trunk (BCT), left common
carotid artery (LCCA), left subclavian artery (LSA), and right and
left renal arteries (RRA and LRA). BCT diameter is 10 mm. All
other branch vessels have an 8 mm diameter. All branch lengths
are 20 mm. The RRA is perfused by the TL and the LRA is per-
fused by the FL. Thus, from now on, we refer to the RRA and
LRA branches as true lumen renal artery (TR) and false lumen
renal artery (FR) branches, respectively.

The solid domain represents the intimal flap (Fig. 2(b)). A sin-
gle 20 mm diameter circular entry tear and no reentry tears were
assumed. The aortic walls were assumed to be rigid. The intimal
flap has a 1 mm uniform thickness and a total length of 142 mm.
The flap has a constant curvature along the axial direction and
divides the descending thoracic aorta and abdominal aorta into a
TL and a FL with areas of 113 mm2 and 570 mm2, respectively.
The distance between the intimal flap and aortic wall of TL and
FL are 8 mm and 21 mm, respectively (Fig. 2(c)).

2.2 Governing Equations and Assumptions. Arbitrary
Lagrangian–Eulerian formulation was used for the FSI simulation.
Blood was modeled as an incompressible Newtonian fluid, and
the intimal flap as a homogenous, isotropic, nearly incompressible
Neo-Hookean material. Simple linear elasticity model does not
make a good description of deformation with large strain. In order
to analyze the large motion of the intimal flap during dynamic
obstruction and decrease the computational cost, we used a Neo-
Hookean model, which is a simple nonlinear elasticity model. The
incompressible Navier–Stokes equations in a moving domain and
the elasto-dynamics equations were simultaneously solved in COM-

SOL MULTIPHYSICS 5.6.1, rendering solutions for blood velocity vfluid

and pressure p, and intimal flap displacement usolid. Using an
Arbitrary Lagrangian-Eulerian formulation, the Navier–Stokes
equations are written in a moving mesh that follows the motion of

the intimal flap interface (body-fitted mesh). Mesh motion was
solved in every time-step assuming a Yeoh hyper-elastic constitu-
tive model with boundary conditions that matched the motion inti-
mal flap interface. Blood density q and dynamic viscosity l were
set to 1060 kg/m3 and 0.004 Pa � s, respectively. The strain energy
density Ws for the intimal flap is

Ws ¼
1

2
l I1 � 3ð Þ � l ln Jð Þ þ 1

2
k lnðJÞ2 (1)

where I1 is the first invariant of the right Cauchy–Green
deformation tensor C ¼ FTF, J ¼ detðFÞ is the third invariant of
the deformation gradient tensor F, and l and k are Lame
parameters

l ¼ E

2ð1þ �Þ ; k ¼ E

3ð1� 2�Þ (2)

where E is the Young’s modulus, and � is the Poisson’s ratio. Due
to the lack of experimental data, in this study, we assumed that
the flap is less stiff than the thoracic aorta [25]. The rationale for
this assumption is that the inner layer of the aortic wall from
where the flap originates consists primarily of elastin fibers, which
are more compliant than the collagen fibers more prevalent in
outer layers of the aortic wall [26]. Therefore, given that the mate-
rial stiffness of the descending thoracic aorta and abdominal aorta
has been reported as 0.5–1 MPa and 1.5–2 MPa, respectively [25],
we assumed Young’s modulus for the intimal flap of 0.1 MPa.
The flap density was set to 1080 kg/m3 and its Poisson’s ratio � to
0.49.

2.3 Boundary Conditions. A steady-state flowrate
(Qin¼ 6 L/min) boundary condition, mapped to a parabolic pro-
file, was set at the inlet face of the aortic model. Pulsatility was
neglected because the time scale of dynamic obstruction is several
minutes (Fig. 1), much longer than the time scale of a single car-
diac cycle (�1 s). Flowrate conditions were prescribed at BCT,
LCCA, and LSA vessel branches (outlets 1–3 in Fig. 3) as a fixed
% of the cardiac output: 16.6%, 8.5%, and 8.1%, respectively
[27].

Resistance outlet boundary conditions were set for TR branch,
FR branch, TL, and FL (outlets 4–7), (Fig. 3(b)). Initial resistance
values for each branch were set as R ¼ DP=Q, based on
DP¼ 94 mmHg for outlets 4–7, and flowrates (Q) of 0.1 Qin for
TR and FR branches [27], 0.14 Qin for TL, and 0.328 Qin for FL.
This ratio of flows in TL:FL assumes that, initially, 30% of the
flow goes through the TL and 70% through the FL. While TR
branch, FR branch, and TL resistances were kept constant over
time, the FL resistance was dynamically controlled. After 10 s, a
linear increase of FL resistance was imposed. The increase in FL
resistance triggered both a systemic increase in blood pressure
and also the intimal flap motion. Table 1 summarizes the resist-
ance values used in the simulation. The outer aortic walls were
assuming to be rigid.

Finally, all edges of the solid domain were kept fixed, including
the edge at the distal end of the flap, on the outflow face of the
computational domain.

2.4 Discretization and Simulation. The fluid and solid
domains were discretized using tetrahedral elements. A second-
order backward differentiation formula time integration method
was used. Mesh independence studies were conducted using three
different computational grids containing 0.34 M, 0.67 M, and
1.4 M elements. Convergence was achieved for the quantities of
interest (for instance, maximum intimal flap displacement
changed by only 4% between the 0.67 M and 1.4 M element
meshes) for the 1.4 M element mesh, which consists of 1,363,198
fluid and 38,323 solid elements and 243,028 fluid and 11,217 solid
nodes. FSI simulations were run using COMSOL MULTIPHYSICS 5.6.1.

Fig. 2 Idealized 3D geometrical model of a TBAD. Fluid and
solid domains are depicted in red and blue, respectively.
Dimensions in mm. ATA: ascending thoracic aorta, DTA:
descending thoracic aorta, AA: abdominal aorta.
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The simulation ran for 35 h on 36 cores of Intel
VR

Xeon
VR

CPU E5-
2699, 124 GB RAM, running UBUNTU 20.04.

3 Results

3.1 Intimal Flap Displacement. Figure 4 shows plots of inti-
mal flap displacement at the P plane (y¼ 18 mm, panel a) and X
plane (z¼ 0 mm, panel b) at t¼ 0 s and at time t¼ 19.44 s (final
time, corresponding to the start of dynamic obstruction of the TR
branch). The P plane corresponds to the position of maximum
flap displacement for all time points of the simulation. At t¼ 0 s,
the maximum flap displacement is 0.4 mm, TL and TR branch are
fully patent, and the areas of TL and FL are 109 mm2 and
574 mm2, respectively.

The prescribed dynamic increase in FL resistance increases FL
pressure and thus induces a motion of the intimal flap toward the
TL wall, ultimately resulting in dynamic obstruction of the TR
branch. At the last time-step of the analysis (t¼ 19.44 s), the
maximum intimal flap displacement is 7.8 mm, nearly identical
to the initial distance between TL wall and intimal flap of 8 mm
(see Fig. 2(c)). The TL and FL area at the final time-step are
17.3 mm2 and 665.3 mm2, respectively. The TL area reduction is
84%. Simulations of the intimal flap motion beyond the final
time-step (t¼ 19.44 s) require incorporation of a contact model

within our computational framework and were not considered in
this study.

3.2 Pressure and Velocity Contours. Figure 5 shows con-
tours of pressure (panel a) and velocity (panel b) at t¼ 0 s and
t¼ 19.44 s. At t¼ 0 s, mean inflow aortic pressure is 95.7 mmHg,
and the pressure difference between FL and TL is smaller than
0.5 mmHg. A region of high pressure is apparent in the FL of the
proximal descending aorta, where the high-velocity flow through
the tear impinges against the FL wall.

The prescribed increase in FL resistance results in an
increase in total systemic resistance and a corresponding increase
in systemic blood pressure (since the cardiac output remains con-
stant). The mean inflow aortic pressure at t¼ 19.44 s is
115.3 mmHg. Simulation results, therefore, reproduce a global
increase in pressure (from 95.7 mmHg to 115.3 mmHg) as the
intimal flap collapsed onto the TL and occluded the TR branch.
This behavior is consistent with the clinical example reported in
Fig. 1.

Furthermore, as the FL resistance and global pressure
increased, so did the pressure difference between FL and TL,
from 0.5 mmHg at t¼ 0 s, to 4.5 mmHg at t¼ 19.44 s. This
4.5 mmHg pressure difference is only 3.9% of the central aortic
pressure (115.3 mmHg) and thus is challenging to assess in vivo
as dynamic obstruction unfolds.

At t¼ 0 s, the maximum TL velocity is 42 cm/s. As the intimal
flap moves toward the TL wall, the TL area decreases, and its
velocity increases. A maximum TL velocity of 118.5 cm/s occurs
at the gap between the intimal flap and the TL aortic wall at time
t¼ 19.44 s. The velocity at the ascending thoracic aorta and upper
branches remain relatively constant due to the fixed flowrate
boundary conditions at BCT, LCCA, and LSA.

3.3 History of Hemodynamic Indices. Figure 6 shows tem-
poral plots for resistance, blood pressure, and flowrate at TL, FL,
and TR and FR branches, in addition to pressure difference

Fig. 3 (a) Schematic of boundary conditions for the fluid and solid domains and (b)
imposed histories of outlet resistances

Table 1 Resistance values used in TR, FR, TL, and FL

Outlet face Outlet number Resistance (�108 kg=m4s)

TR branch 4 12:40
FR branch 7 12:40
TL 5 8:83
FL 6 3:82; 0 < t < 10 s

0:192tþ 1:9; t > 10 s

�
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between FL and TL and maximum intimal flap displacement at
the plane P. Temporal plots show three distinct stages: steady-
state (0–10 s), development (10–19 s), and obstruction
(19–19.44 s). These stages are clearly appreciated in the FL-TL
pressure difference (panel c).

During the steady-state stage, resistances at TL, FL, TR, and
FL are constant and therefore no dynamic changes are observed in
the hemodynamics. During the development stage, FL resistance
is increased linearly while keeping the other resistances fixed. The
displacement of the intimal flap is limited during this stage (see
panel e), from 0.4 mm at t¼ 10 s to 2.1 mm at t¼ 19 s. The pres-
sure gradient between FL and TL also mildly increases during this
stage, from 0.42 mmHg at t¼ 10 s, to 0.58 mmHg at t¼ 19 s
(panel c). Due to the prescribed increased in FL resistance, FL
flowrate decreases from 1.99 to 1.62 L/min and flow rates through
TL, and TR and FR branches increase (panel d).

During the obstruction stage, the intimal flap gets dramatically
closer to the TL aortic wall: its displacement increases from
2.1 mm to 7.8 mm in just 0.44 s. At this point, the flap movement
causes obstruction of the TL and the TR branch (see Fig. 4). As a
result of the obstruction, there is a sudden drop of pressure and

flowrate in the TL and TR branch (Fig. 6 panel b and d, respec-
tively). Conversely, FL and FR branch flows increase. The
increase in FL flow happens despite the continuous (imposed)
increase in FL resistance. Pressure difference between FL and TL
rapidly increases in the obstruction stage, from 0.58 mmHg at
t¼ 19 s, to 4.5 mmHg at t¼ 19.44 s (panel c).

4 Discussion

In this study, we have demonstrated that computational simula-
tions can be used to understand the complex hemodynamics asso-
ciated with dynamic obstruction in type B aortic dissection.
Specifically, we performed a detailed characterization of both TL
and FL hemodynamics which cannot be easily assessed in vivo.
Our results have revealed that in our model dynamic obstruction
occurred as mean systemic blood pressure increased from
95.7 mmHg to 115.3 mmHg (Fig. 5 panel a). This behavior is con-
sistent with the clinical example reported in Fig. 1, where
dynamic obstruction occurred as mean systemic blood pressure
increased from 63.3 mmHg to 108.3 mmHg, although the exact
transition pressure was not documented. Our clinical experience

Fig. 4 Intimal flap displacement at times t 5 0 and t 5 19.44 s at (a) P plane (y 5 18 mm) and (b) X plane
(z 5 0 mm)

Fig. 5 (a) Pressure and (b) velocity contour at t 5 0 and t 5 19.44 s
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has shown that the transition-pressure window in patients has
been as low as 75 mm Hg and as narrow as 10-15 mm Hg.

Our results have supported the hypothesis that relatively small
pressure differences between FL and TL are sufficient to displace
the flap to induce dynamic obstruction. Here, a maximum FL–TL
pressure difference of 4.5 mmHg was obtained just before the
complete TL obstruction. During most of the dynamic obstruction,
the FL–TL pressure differences remained under 1 mmHg, and
only in the instances just before obstruction did the pressure dif-
ferences increase substantially.

Clinically, increases in central blood pressure may be triggered
by a variety of mechanisms, including hypertension, partial
thrombosis in the FL, hypoxia, changes in vasoactive medication
administration, etc. [28–30]. In this simulation, these changes
were reproduced by imposing an increase in FL resistance while
keeping the cardiac output and other outflow boundary conditions
(prescribed flows and resistances) constant.

Our results have shown that the final stage of dynamic obstruc-
tion was very sudden in nature, occurring over a short time (<1 s,
see Fig. 6), consistent with the clinical understanding of this dra-
matic event. The TL remained patent as pressure differentials
between FL and TL slowly changed until a threshold was reached
and sudden obstruction occurred. This threshold for sudden
obstruction may vary with the patients’ age, vascular anatomy,
and chronicity of the intimal flap.

We have often observed onset of dynamic obstruction in the
abdominal aorta accompanied by TL collapse following correc-
tion of static obstruction of the aortoiliac segment. However, we
submit that whatever the trigger for transient changes in hemo-
dynamic conditions might be, such as alterations in cardiac out-
put, differential resistances in TL- and FL-supplied branch
arteries or different numbers and sizes of connecting tears, etc.,

it only takes a relatively small pressure difference between FL
and TL to induce intimal flap motion and ultimately TL obstruc-
tion. In this study, we have demonstrated the clear association
between systemic changes in blood pressure and dynamic
obstruction.

4.1 Material Stiffness of the Intimal Flap. To date, no
human or animal experimental studies have reported the material
stiffness of the intimal flap. Previous computational studies used
different assumptions: Alimohammadi [19], and Qiao [23]
assumed the same material stiffness for intimal flap and aortic
wall. Another study considered a wide range of material stiffness
(0.02–0.80 MPa) and tried to match the flap displacement
observed in the clinical images [24].

In this study, we assumed that the flap is less stiff than the tho-
racic aorta [25]. This assumption is justified because the flap con-
sists primarily of elastin fibers, which are more compliant than the
collagen fibers more prevalent in outer layers of the aortic wall
[26]. Also, the phenomenon of pressure-related TL collapse has
only been observed clinically in days-old aortic dissections, in
which the acute dissection flap is thin and flimsy. Dissection flaps
in dissections weeks to months old are in various states of thicken-
ing due to fibrosis and have not been observed to behave in this
same way. We have not observed dynamic obstruction in a single
instance of chronic dissection.

Considering this, several simplifying assumptions were made to
set the mechanical properties of the intimal flap. Material stiffness
and thickness were assumed to be uniform along its length. The
flap thickness was set to 1 mm. As for the material stiffness, we
considered values in the 0.07–0.50 MPa range. Ultimately, a
0.10 MPa value was used. This value enabled us to reproduce

Fig. 6 Time history of (a) resistance, (b) pressure, (c) pressure difference between TL and FL, (d) flow, and (e) maximum flap
displacement. Resistance, pressure, and flow are given for TL, FL, TR, and FR branches. Pressure difference between FL and
TL is given at the aortic outlet, and maximum flap displacement is given at plane P.
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physiologic changes in mean pressure over the course of the
dynamic obstruction. When the flap stiffness was too low
(�0.07 MPa), the dynamic obstruction was triggered at lower
levels of pressure. Conversely, dynamic obstruction occurred at
elevated levels of systemic blood pressure when the intimal flap
material stiffness was large (�0.50 MPa). In reality, one would
expect changes in material stiffness and thickness (and therefore
in structural stiffness [31]) along the length of the flap.

4.2 Distal (Zero-Dimensional) and Geometric (Three-
Dimensional) Changes in Vessel Resistance. To understand the
hemodynamic changes during dynamic obstruction, it is helpful to
consider two types of resistances for each lumen: (1) the zero-
dimensional (0D) distal resistance imposed via boundary condi-
tions, and (2) the 3D geometrical resistance, which varies over
time due to changes in cross-sectional area (see schematic in Fig.
7). The 3D geometrical resistance can be evaluated as R ¼ DP=Q
for both TL and FL, where DP is the pressure differential between
planes 1 and 2, and Q is the flow in each lumen. For each lumen,
the total resistance is thus the sum of the 3D geometrical and the
0D distal components (see panel a of Fig. 7).

During the steady-state (0–10 s) and development (10–19 s)
stages, there are no significant changes in TL and FL 3D resistan-
ces (Fig. 7 panel b). Therefore, the prescribed increase in FL 0D
resistance causes a decrease in FL flow (Fig. 6 panel d). In the
obstruction stage (19–19.44 s), as the intimal flap moves toward
the TL wall, significantly reducing the TL area, the 3D geometri-
cal resistances change substantially: the 3D TL resistance
increases six-fold, from 0:65� 106 at t¼ 19 s, to 4:00�
106 kg=m4s at t¼ 19.44 s (Fig. 7 panel b). This increased 3D TL
resistance is associated with a reduction in TL flow and an
increased FL flow (Fig. 6 panel d) despite the prescribed increased
in FL 0D resistance.

This study underlines the relationship between alterations in
peripheral vascular resistance (represented here by 0D circuits)
and dynamic TL collapse. Optimal pharmacological management
of these patients induces changes in peripheral vascular resistance
that may impact the overall pressure levels in TL and FL and thus
potentially trigger dynamic obstruction.

4.3 Auto-Regulation of the Branch Vessels. In this study,
flow to the upper branch vessels was assumed constant over time,
and renal artery outflows were determined via fixed resistance
boundary conditions. Both the cerebral and the renal circulations
are heavily autoregulated and thus have the capacity of maintain-
ing flow over a wide range of systemic pressures [32–35]. Setting
a fixed flow boundary conditions effectively achieved this behav-
ior for the upper branch vessels. However, for the renal arteries,
setting a fix flow condition was not a reasonable modeling choice
as we wanted to study malperfusion during dynamic obstruction.
As a result, both renal flows varied over time corresponding to the
systemic blood pressure change (Fig. 6). Future studies will
expand on the work presented here by accounting for renal flow
autoregulation models, which attempt to maintain constant flow
over a 90–170 mmHg range of systemic blood pressures [36].

4.4 Flow Distribution Between True Lumen and False
Lumen. In this study, a 30:70 TL:FL flow ratio was assumed. Dif-
ferent flow ratios would impact the simulation results. With a
30:70 TL:FL flow ratio, dynamic obstruction occurred at systemic
blood pressure of 115.3 mmHg. As more flow goes through the
TL for a given TL:FL area ratio, the pressure drop between aortic
root and distal TL increases, resulting in larger pressure differen-
tials between FL and TL. We tested a 50:50 TL:FL flow ratio with
the same geometry. Here, dynamic obstruction occurred at lower
levels of systemic pressure (101.5 mmHg). Furthermore, the
TL:FL ratio of flows and areas may vary considerably across
patients. The ratios of TL:FL peak flows ranged from 0.5 to 2 in
Dillon-Murphy [15] and Baumler [24], respectively. Both patients
had larger FL than TL. Anatomical variation, such as different
TL:FL area ratios, the size and number of initial and reentry tears,
and the patency of the FL can alter the TL:FL flow distributions
across patients.

4.5 Limitations. Lack of a contact model: Due to a lack of
contact model, simulations stopped at the time-step (t¼ 19.44 s)
when the intimal flap nearly touched the TL wall. When contact
occurs, the topology of the fluid domain changes: the TL is no

Fig. 7 (a) Schematic decomposition of TL and FL resistance into a 3D geometric and a 0D distal compo-
nents acting in series for each lumen and (b) Time history of 0D and 3D geometric TL and FL resistances
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longer a continuous conduit, and contact forces between intimal
flap and TL wall must be defined. These additional complexities
were outside the scope of this work, which was focused on
describing the temporal response of dynamic obstruction in aortic
dissection. In the future, will tackle this TL collapse using other
FSI strategies relying on immerse-boundary formulations [37].

Lack of reentry tears: In this study, we assumed no reentry tears
in the model. However, studies have shown that patients with aor-
tic dissection have an average of 2–3 reentry tears. The most com-
mon locations for reentry tears are the descending aorta and the
juxta-renal region [38,39]. Previous research showed the signifi-
cant effects of reentry tears on aortic dissection hemodynamics. A
larger number of reentry tears tends to equilibrate the pressure
between TL and FL [15]. Based on this principle, dynamic
obstruction can be treated by fenestration. Size and location of
reentry tears, such as near side branches, are also likely to impact
dynamic obstruction.

Rigid aortic wall assumption: To reduce complexity and com-
putational cost, we modeled the behavior of the aortic wall as
rigid and only studied the FSI problem given by the interactions
between flow in TL and FL and a deformable intimal flap. How-
ever, the aorta experiences relatively large deformation, even in
patients with relatively stiffer vessels [35,40,41]. This deformabil-
ity affects flow through TL and FL, which in turn will affect inti-
mal flap motion. Compliant outer walls may impact the dynamics
of flap motion due to the differential ability that TL and FL have to
accommodate changes in blood volume as blood pressure changes.
These changes may be important if pulsatility is considered in the
FSI simulation. Here, the assumed steady-state flow conditions
reduce the impact of this simplifying assumption. Future expan-
sions on this work will account for aortic wall deformation.

Lack of pulsative flow: Nonpulsatile flow was used for this
study because the time scale of dynamic obstruction is several
minutes (Fig. 1), much longer than the time scale of a single car-
diac cycle (�1 s). However, under pulsatile conditions, the pres-
sure difference between FL and TL will also be pulsatile and
therefore the flap displacement may also exhibit a pulsatile com-
ponent superimposed with the steady-state trend described in this
work. Additionally, it is possible for a transitional stage to occur
whereby TL collapse happens only during systole, but not in dias-
tole. This situation could only be studied by simulating dynamic
obstruction under full pulsatile conditions.

Idealized anatomy: a highly simplified type B aortic dissection
model was used for this study. More complex anatomical features
such as vessel tortuosity and curvature, in addition to the number
of reentry tears, may affect dynamic obstruction. From a clinical
perspective, it would be interesting to investigate whether there is
a particular dissection anatomy prone to dynamic obstruction.
Further work will involve correlating anatomical features such as
entry tear size, tear location, aortic curvature, constellation of
branch arteries compromised by static obstruction, etc.

5 Conclusion

An idealized FSI type B aortic dissection model was created to
study dynamic obstruction. Our model succeeded in reproducing
the clinical evidence supporting that dynamic obstruction occurs
as mean systemic blood pressure increases. Our results showed
that relatively small pressure differences between FL and TL are
sufficient to displace the intimal flap to induce dynamic obstruc-
tion. Finally, the final stage of dynamic obstruction occurred over
a very short time (<1 s), consistent with the clinical understanding
of this dramatic event. To our knowledge, this study shows the
first computational analysis of potential mechanisms driving
dynamic obstruction in aortic dissection.
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