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Abstract—Progressive false lumen aneurysmal degeneration
in type B aortic dissection (TBAD) is a complex process with
a multi-factorial etiology. Patient-specific computational
fluid dynamics (CFD) simulations provide spatial and
temporal hemodynamic quantities that facilitate understand-
ing this disease progression. A longitudinal study was
performed for a TBAD patient, who was diagnosed with
the uncomplicated TBAD in 2006 and treated with optimal
medical therapy but received surgery in 2010 due to late
complication. Geometries of the aorta in 2006 and 2010 were
reconstructed. With registration algorithms, we accurately
quantified the evolution of the false lumen, while with CFD
simulations we computed several hemodynamic indexes,
including the wall shear stress (WSS), and the relative
residence time (RRT). The numerical fluid model included
large eddy simulation (LES) modeling for efficiently captur-
ing the flow disturbances induced by the entry tears. In the
absence of complete patient-specific data, the boundary
conditions were based on a specific calibration method.
Correlations between hemodynamics and the evolution field
in time obtained by registration of the false lumen are
discussed. Further testing of this methodology on a large
cohort of patients may enable the use of CFD to predict
whether patients, with originally uncomplicated TBAD,
develop late complications.

Keywords—Aortic dissection, Point set registration, Compu-
tational fluid dynamics, Large eddy simulation.
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ABBREVIATIONS
CFD Computational fluid dynamics
AD Aortic dissection
TBAD Type B AD
uTBAD  Uncomplicated TBAD
FL False lumen
TL True lumen
OMT Optimal medical therapy
WSS Wall shear stress
TAWSS Time averaged WSS
RRT Relative residence time
OSI Oscillatory shear index
3WK 3 Element windkessel model

INTRODUCTION

In aortic dissections (AD), tears occur in the intimal
layer of the aortic wall, allowing blood to flow in and
divide the intimal-medial layer of the arterial wall.
This, in turn, creates a new channel of blood flow
known as the “false lumen”” (FL).'® The original lumen
is referred to as the “true lumen” (TL). AD is con-
sidered acute if the diagnosis is made within 2 weeks
after onset of the symptoms, otherwise it is considered
chronic.'® AD distal to the left subclavian artery is
classified as “‘type B”. Uncomplicated TBAD (uT-
BAD), i.e. without malperfusion or rupture, are cur-
rently treated with optimal medical treatment (OMT).
These patients have excellent short-term results; how-
ever, the long-term outcomes with OMT is poor.'*1*
There is a current debate regarding the optimal ther-
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apy for patients with uTBAD. Thoracic endovascular
aortic repair (TEVAR) has been proposed as an
alternative therapy for these patients, to prevent later
aneurysm formation and improve long-term outcomes.
However, the prognostic factor for using TEVAR for
acute uTBAD is controversial and currently under
investigation.

Ideally, anatomic risk factors could be identified
based upon non-invasive imaging at the initial diag-
nosis of acute uTBAD to predict patients developing
complications in the chronic phase. Previous investi-
gations have identified simple anatomic criteria (e.g.,
maximal thoracic aortic diameter, FL. expansion rate,
size and location of the entry tear) that are potential
risk factors for FL dilation and subsequent rup-
ture.”'??%?" However, there is a high variability in the
results of these studies that limits their predictive value.
Furthermore, the morphological evolution of the FL in
three dimensions is complex, therefore simple measures
such as diameters cannot fully represent the global
changes. Collectively, these issues require advanced
image-based analyses.

Moreover, identifying a set of criteria solely based
on the geometry of the FL leaves an incomplete pic-
ture. For example, controversy also exists on the im-
pact of FL thrombosis upon aneurysm formation and
mortality.>'*?%3 The impact of hemodynamics on FL
degeneration has been studied using CFD simulations.
The effect of WSS related factors, the percentage of
blood flow passing through the FL, the pressure dif-
ference between TL and FL, and also the RRT of flow
inside of the FL have been studied.>®?**!-** How-
ever, when relating the hemodynamic factors with the
FL evolution, these studies characterized the degener-
ation of the FL by single measurements such as the
change of the maximum aortic diameter. Observa-
tional conclusions were drawn, generally on one pa-
tient, possibly with a follow-up.” A systematic
aggregation of all hemodynamic factors and how they
correlate to this disease progression is still missing.

To obtain reliable clinically relevant conclusions,
patient-specific computational studies over a large
number of patients enrolled in longitudinal clinical
trials are needed. Consequently, efficient numerical
solvers are required. In this work, we explore some
specific tools devised for such clinical trials. Specifi-
cally, we consider a longitudinal data set involving a
patient over 4 years. While this patient was not oper-
ated in 2006 due to the ‘“non-risky”” morphological
features of the FL, 4 years later the surgery was nec-
essary. An extensive morphological analysis'® was
performed to quantify the FL progression accurately
in three dimensions. In addition, a CFD analysis of the
patient-specific flow patterns was carried out to extract
hemodynamic factors. By considering the morpholog-
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ical changes of the entire FL and hemodynamic factors
simultaneously, correlations were established to
potentially help understanding the intertwining
between hemodynamics and FL progression in this
originally uTBAD.

In comparison with previous studies, this work
brings novelty in three aspects:

(1) Quantification of the FL evolution is not based
on a simple average measure like the FL volume,
or the maximum diameter. Instead, registration
methods were used to give a comprehensive
quantification of the growth.

(2) The entry tear and the local morphology trigger
flow acceleration and disturbances that chal-
lenge the numerical solution. Even if it is
generally a non-turbulent flow, very fine mesh
scales are typically required, which are unsuit-
able for large clinical studies. To combat this, we
proceed by using a state-of-the-art Large Eddy
Simulation modeling.*

(3) Inour clinical case, patient-specific measurements
to be used for the boundary conditions are missing.
This is a common problem in clinical computa-
tional hemodynamics, as flow or pressure data are
often not recorded with the images. We present a
method that calibrates the parameters of a classical
3WK model at the outflows with flow rates derived
from patient-specific morphology using the well-
known Murray’s Law.*® The latter is used to
calibrate the parameters of Windkessel models, so
to convert morphological patient-specific data into
hemodynamic ones.

MATERIALS AND METHODS

A 60 year-old female was admitted to the Emory
University Hospital (EUH) with uTBAD in 2006.
After 4 years under OMT, she was re-admitted and
operated in 2010 because of the significant FL
aneurysmal dilation. Two sets of computed tomogra-
phy angiography (CTA) were obtained in 2006 and
2010, which will be referred as initial and follow-up
cases respectively. The CTA images and general med-
ical data were de-identified before being used in this
study. Approval for this study was obtained from the
EUH institutional review board.

CT Image Acquisition and Geometry Reconstruction

The details of the initial and follow-up CT acquisi-
tions of the patient are reported in the Supplementary
Materials. To reconstruct the geometry of the dissected
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aorta, all DICOM slices were processed by the Vas-
cular Modeling Toolkit (VMTK: www.vmtk.org). The
procedure was manually supervised by one of the au-
thors (MP) as the detection of the tears between the
lumens was particularly challenging. The quality of the
images allowed the detection of one entry tear and two
distal tears in 2006, as well as one distal tear in 2010.
The final reconstructed models covered the entire aorta
from the sinotubular junction to the initial portion of
the right and left common iliac arteries, including the
major side branches visible in the images. The portion
of the arteries included in the geometrical model was
determined by the quality of the images. Considerable
differences in anatomy were evident between the two
acquisitions.

In the two geometries, we identify the following
portions as the ““boundaries” (Fig. 1):

(1) The arterial wall I'y,, which is considered to be
rigid.

(2) The inflow I'j,, i.e. the portion corresponding to
the entrance of the ascending aorta.

(3) The outflow I'yy, one for each of the collateral
aortic arteries (i.e. brachiocephalic trunk, left
common carotid, left subclavian, superior
mesenteric, renal arteries) and the common iliac
arteries.

Quantification of the FL Evolution

In image registration,"’ one image is mapped to
another with the minimization of a properly defined
quantification of the mismatch. Different image regis-
tration techniques arise based on the choice of the
postulated mapping and its parametrization, as well as
desired constraints.

To quantify the 3D evolution of the false lumen, we
adopt a point set registration (PSR) method based on a
probability density estimation, to automatically co-
register the initial and follow-up FL geometries.'® This
registration method transforms the so-called Gaussian
mixture model centroids (representing the initial
geometry) to the follow-up geometry by maximizing
the likelihood. The transformation is represented by a
regularized displacement field to ensure the coherent
motion of the FL surface.

Comparing to the most common iterative closest
point (ICP) registration methods, probability-based
methods are less sensitive to the initial value and noise.
Moreover, this specific variation of probability based
method does not require any prior knowledge of the
non-rigid transformation nor the correspondence
between the two datasets.'®

Before the non-rigid registration, a rigid registration
was performed to pre-align the initial and follow-up
FL, in order to filter the rigid body transformation, as
shown in Fig. 2a. The proximal entry tear and superior
mesenteric branch are aligned in the rigid registration.
This is considered reasonable since the central line
distance from the left subclavian artery to the proximal
entry tear stayed the same over the years, and so is the
case for the superior mesenteric artery. Then a non-
rigid registration was performed between the pre-
aligned FLs. The initial geometry of the FL was reg-
istered to the follow-up one, as shown in Fig. 2b (see
details in Supplementary Material). Based on the non-
rigid registration, a 3D deformation field, representing
the evolution of FL from initial to follow-up state was
computed, as shown in Fig. 2c.

Computational Fluid Dynamics

The numerical simulations are performed with the
finite element solver LifeV (www.lifev.org).>? Assump-
tions on blood flow and details of the simulations are
specified in the Supplementary Materials.

Turbulence Modeling

The blood flow in the aorta at systolic peak is at the
transitional stage to turbulence. Strong convective fields
in specific geometrical configurations, like the dissected
aorta, determine an energy cascade from the large scales
flow structures to small scales. Consequently, in our
case, we need very fine meshes to capture all the relevant
scales of the dynamics of interest, in what is commonly
called Direct Numerical Simulation (DNS). For large
studies involving many patients, the computational
costs required by DNS may be too high. Therefore, we
use a state-of-art Evolve-Filter-Relax LES solver.* The
LES solver is developed to capture the small scales in a
surrogate way, with the addition of an auxiliary differ-
ential problem (“filter””) to solve with the Navier—Stokes
equations. LES approach is preferred to the classical
Reynolds Average Navier—Stokes (RANS) approach as
its more solid mathematical background allows one to
better control the approximation error. Furthermore,
LES also serves as a strong consistent stabilization for
the numerical instabilities due to the strong convection
during systole and possible backflow at distal aortic
branches during diastole.

Mesh Generation

The reconstructed geometries of dissected aorta
were discretized with the open source mesh generator
NETGEN (http://www.hpfem.jku.at/netgen/) for finite
element simulations. The mesh of the follow-up case is
displayed in Fig. 1. The detailed discretization infor-
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Front View !

Lateral View

FIGURE 1. Geometry reconstruction of the dissected aorta from CT angiography. Top Left and right are front and lateral views,
respectively, of the reconstructed aorta at 2006 and 2010 using VMTK. The tears of the FL are highlighted in red circles. Bottom
demonstrates the mesh of the follow-up case for the numerical simulation.

mation is shown in Table 1. The mesh size must be
carefully selected as a trade-off between accuracy and
computational cost. The LES solver allows using rel-
atively coarse meshes, which is a significant computa-
tional advantage in view of multi-patient studies. We
tested this statement in our case. More precisely, two
meshes at different refinement levels for the follow-up
case were generated. The finer mesh for 2010 was used
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for a direct numerical simulation, to provide a ground-
truth numerical solution to be compared with the LES
results. The latter is obtained with significantly less
computing time (80% reduction). We verified that the
LES solution on the mesh and DNS on the finest mesh
are quantitatively consistent. Detailed comparisons
between the results from LES and DNS for the 2010
case can be found in the Supplementary Materials.
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FIGURE 2. Registration of FLs. (a) Pre-aligned FLs by rigid registration. (2006: grey, 2010: pink). (b) FL at 2006 before non-rigid
registration (grey) vs. FL at 2006 after non-rigid registration (pink). (c) Three-dimensional deformation field characterizing FL
evolution. The deformation field was projected to the surface normal direction (outward) of the FL. The deformation vector field is
colored by the deformation magnitude and is positive if the deformation vector is in the direction of the normal, negative if

opposite.

TABLE 1. Parameters of the different meshes (unit: cm).
Case #Elem Armin Pavg Amax
Initial (2006) 934 k 1.30e—-2 2.19e-2 4.04e—1
Follow-up LES (2010) 645 k 1.13e—-2 3.43e—2 5.32e—1
Follow-up* DNS (2010) 1063 k 7.50e—4 2.09e—2 3.01e—1

Here, Anin, havg @and hmax are the minimum, average and maximum edge length of the tetrahedra, which were computed after the meshes were

generated using NETGEN.

Additionally, a mesh of the initial case was created
with a level of refinement comparable to the coarse
mesh of the Follow-up case.

Boundary Conditions

Results of computational hemodynamics are largely
affected by both the geometry of the arteries and the
boundary conditions specification.”® Unfortunately,
practical and ethical constraints still limit access to
data required for a full patient-specific prescription of
boundary conditions, at least in the clinical routine.
The missing data are usually replaced by modeling
assumptions or by adapting literature data to the case
of interest. As a certain degree of arbitrariness is
unavoidable, a mathematically sound approach in the
selection of what data to prescribe and how is critical
to reducing the impact of those non-patient specific
assumptions on the final result. The selection of a
strategy must be reliable and computationally efficient.

Specifically, the rigid assumption promptly leads to
the null-velocity condition

u(l,, t)=0,Vi>0.

For I'y,, we adopted the flow rate Qj, from previous
study, as shown in Fig. 3.” With the given flow rate, a
flat velocity profile was enforced accordingly at the
inlet.

For the outflow sections oy, it is more difficult to
adopt literature data, due to the variation of the
morphology and of the quality of the reconstruction.
Therefore, we decided to resort to a specific surrogate
modeling strategy. As the only available patient
specific data is the geometry, we elaborate a novel
method that efficiently converts morphological infor-
mation on the patient into boundary data to prescribe.
The Murray’s law, defining the flow rate entering an
outflow branch based on the vessel diameter, and the

inlet diameter Qj, reads
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FIGURE 3. Waveform for pressure and velocity used at the
inflow as well as for the calibration of the 3WK parameters.

Qz:(évs
O \dn)’
where s is an empirical parameter in the range [2, 3]
and d, and d, are the diameters of the branch and the

inflow. For non-circular sections the diameter defined
as the hydraulic diameter

b=2)(2).du=2/(%)

This condition could be converted into a velocity
condition by postulating a velocity profile fit to the
given flow rate. A delicate aspect is that, in general,
Murray’s Law does not guarantee the condition

Qin(t) = O(1),
b

required in a rigid domain by the mass conservation
principle. A typical workaround could be to prescribe
traction free conditions on one of the outflow sections,

—pn + ,u(Vu + VTu) -n=0,

so that the mass conservation is automatically adjusted
by the numerical solver. This is a mathematically
correct procedure, where an arbitrary value of pressure
is selected in one of the outflows. Also, this requires the
assumption on the velocity profiles at the other outlet
branches, which is arbitrary too. For the above rea-
sons, we decided to mitigate the impact of the adoption
of Murray’s law and the traction-free section, by using
these surrogate data in a “weak” sense through the 3
element windkessel model (3WK). Our approach is to
tune the parameters of the 3WK, which is assumed to
represent the outflow conditions for our simulations.
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The 3WK model is a well-known lumped parameter
description of the downstream circulation, that en-
forces the following relation at the outflows

N
e TR,

C

b= RiO(1) + (p(0) — Ry Q(0))e T +

Op(1)e Tdr.

SN

Here, R; and R; represent the viscous resistance of the
peripheral district, while C represents the compliance.
The challenge of using the 3WK model for the
boundary conditions is accurately calibrating these
parameters. As opposed to adopting parameters based
on the literature, here we propose an approach utiliz-
ing the available patient-specific data. To this aim, we
recall the impedance of the 3WK model, i.e. the ratio
between the Fourier transform of pressure and flow
rate in the domain of the frequency w:

Zb(a)) _ (Rl + Ry + a)ZCzR%Rl) . a)ZCbR%

1+ 2R TGRS
where j = v/ —1, with
|Zp( = 0)] = Ry + Ra, |Zp(» — o0)| = Ry,

while the angle of the impedance has an absolute
minimum in

R+ R
(ChR2)* Ry

WDmin =

We use these values as landmarks to calibrate the

parameters for the patient, according to the following
algorithm.

(I) A pressure waveform p,y, is selected from the
literature to be used for the parameter calibra-
tion (see Fig. 3).

(2) For each outflow branch, we compute the
associated flow rate O, based the Murray’s law
with s = 2 and the hydraulic diameters extracted
from the patient images. To maintain mass
conservation, the flow in the right common iliac
artery is computed as the difference between the
inflow and the other flow rates.

(3) The Fourier transform of pressure and flow rate
for each branch is computed as Z;(w)

(4) The parameters R;, R, C are calibrated to
match the landmark values of the impedance
outlined above, leading to

R+ R
Ry = |Zy(@ — o0)|, Ry = |Z,(0)| = R, C = | [——F—.
(wminRZ) Ry

These parameters are computed and then used in each
outflow branch for enforcing the 3WK conditions.
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Our approach is affected by non-patient-specific
choices—as all the others dealing with defective or
missing hemodynamics boundary data—however, we
argue that the rationale of combining assumptions
used and surrogate models for the calibration of the
parameters makes our approach robust so that the
clinical indications of our simulations are definitely
relevant. An extensive validation of this and other
procedures is a subject of forthcoming works.

Post-Processing

Details on the computation of flow properties and
post-processing can be found in the Supplementary
Materials.

RESULTS

Geometrical Reconstruction and FL Evolution

Initially, in 2006, this patient had a small patent FL
starting from descending thoracic aorta and extending
to left and right common iliac arteries, as shown in
Fig. 1. However, the dissected aorta remodeled over
4 years, with enlarged entry tear (0.55 vs. 1.28 cm in
diameter), significant dilation of FL. (maximum diam-
eter 5.09 vs. 7.76 cm) as well as changes at the iliac
bifurcation. The original two distal tears at the left and
right common iliac arteries disappeared over the time
period and the FL reconnected back through a single
distal tear. During the remodeling, cross sections of
major proximal branches increased in general. The
distal branches, on the other hand, decreased. Detailed
geometric information of each major aortic branch,
including cross-section area, perimeter as well as hy-
draulic diameter, are listed in Table 2.

The evolution field obtained by registration is
shown in Fig. 2c. The maximum expansion computed
by our registration approach was 2.29 cm, collocated
with the spot of the largest diameter of the follow-up

FL. The maximum dilation rate was 0.57 cm and
spatially averaged dilation rate was 0.22 cm annually.
Dilation rates are intended to be averaged over the
4 year period.

Parameter Identification of the Windkessel Model

The 3WK parameters computed with our procedure
are listed in Table 3. These values are consistent with
data retrieved from the literature, falling in a range of a
similar order of magnitude, as shown in
Table 4.>'"142333 We did not find figures of the 3WK
parameters for the renal and common iliac arteries to
compare, which are included our geometric models.

CFD
Velocity and Pressure Fields

Streamlines of the blood flow at systolic peak of
both initial and follow-up cases are shown in Fig. 4. In
both cases, the flow has a significant speed up at the
entry tear (216.3 cm/s vs 146.4 cm/s). Significant re-
circulation of blood flow was observed inside both
FLs, as shown in Fig. 5. The flow in the follow-up
cases after remodeling is slower and more helical than
that in the initial case in general, as shown in Table 5
and Fig. 5, respectively. The portion of the blood flows
into the FL in the initial case is higher (58.2 vs. 53.6%).
The pressure of the TL in 2006 is relatively higher than
that of the FL at the location distal to the entry tear.
After 4 years, the pressure in the FL is higher than that
of TL. This corresponds to the reduced blood flowing
into the FL.

TAWSS, OSI, RRT

The TAWSS contours are shown in Fig. 6. The FL
of the initial case has higher maximum (17.1 vs.
9.7 dyn/cm?) and spatially averaged TAWSS (2.2 vs.
0.75 dyn/cm?) than the follow-up case does. The

TABLE 2. Geometrical changes between the initial and the follow-up dissected aortas.

Location Perimeter (2006, 2010)

Cross-section area (2006, 2010)

Hydraulic diameter (2006, 2010)

Ascending aorta
Descending thoracic
Brachiocephalic

Left common carotid

Left subclavian

Superior mesenteric artery
Left renal

Right renal

Left common iliac

Right common iliac

(8.35, 9.29)
(7.43, 7.73)
(2.80, 2.96)
(1.88, 1.94)
(2.30, 2.14)
(2.04, 2.29)
(1.41, 1.41)
(1.45, 1.10)
(2.45/1.88, 2.00)
(2.67/2.18, 2.46)

(5.48, 6.63) (2.63, 2.86)
(4.36, 4.70) (2.34, 2.43)
(0.60, 0.69) (0.86, 0.93)
(0.41, 0.29) (0.58, 0.59)
(0.41, 0.36) (0.72, 0.67)
(0.32, 0.41) (0.63, 0.72)
(0.15, 0.15) (0.44, 0.42)
(0.16, 0.09) (0.44, 0.32)

(0.47/0.28, 0.31)
(0.56/0.37, 0.48)

(0.77/0.59, 0.63)
(0.83/0.69, 0.77)

Length in cm. Notice that the division TL/FL in the iliac arteries is present only in 20086.

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



934 Xu et al.

TABLE 3. Patient specific windkessel parameters of the initial and follow-up cases.
Artery Ry (10° dyn-s/cm?) (2006, 2010) R, (10° dyn-s/cm?) (2006, 2010) C (10~* cm®/dyn) (2006, 2010)
Brachiocephalic (1.22, 0.81) (7.67, 5.11) (2.86, 4.21)
Left common carotid (2.73, 2.02) (1.72, 1.28) (1.25, 1.68)
Left subclavian (1.77, 1.58) (1.12, 0.99) (1.92, 2.16)
Superior mesenteric artery (2.26, 1.36) (1.42, 0.86) (1.51, 2.51)
Left renal (4.73, 3.90) (2.98, 2.46) (0.72, 0.50)
Right renal (4.74, 6.87) (2.99, 4.33) (0.72, 0.87)
Left common iliac (1.53/2.60, 1.79) (0.96/1.13, 1.13) (2.23/1.31, 1.90)
Right common iliac (1.31/1.97, 1.18) (0.83/1.24, 0.75) (2.60/1.73, 2.89)

TABLE 4. Previously published 3WK parameters of arteries.

Artery R; (10 dyn-s/cm?)

R, (10® dyn-s/cm?) C (10* cm®/dyn)

Brachiocephalic® 423

Left common carotig®'1:14.23.33
Left subclavian®1!-14:23:33

0.13, 0.5, 0.63
1.18,0.15, 1.9, 1.76, 2.6
0.97, 0.20, 0.75, 2.41, 1.75

3.06, 0.85, 1.71
1.84, 1.95, 3.22, 4.17, 2.34
1.52,1.52, 1.25, 5.47, 2.94

3.5, 0.95, 1.01
0.77, 0.64, 0.25, 0.41, 1.02
0.92, 0.83, 0.64, 0.31, 0.67

Left ext. iliac®® 0.85 1.42 0.29
Right ext. iliac®® 0.84 1.42 0.28
(b)
2006 2010

100,
B
75

60

N

FIGURE 4.

maximum TAWSS of the whole aorta located at the
entry tear for both cases (130.4 vs. 43.3 dyn/cm?), as
shown in Fig. 6.

OSI contour plots are shown in Fig. 5b. The surface
with highly oscillatory WSS was in the distal of the FL
in the initial case. It shifted to the proximal with fur-
ther aneurysmal dilation. The averaged OSI on FL is
higher in the follow-up case (0.12 vs. 0.19).
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(a) Streamlines collored by velocity magnitude. (b) Pressure contours.

RRT around the FL surface is shown in Fig. 6c.
High RRT indicates more residence time of blood
particles near the wall. Relatively low RRT was
observed on majority of the wall of FL in both initial
and follow-up cases. However, there was a small region
with high RRT (over 100 cm?/dyn) on the distal part
of the initial FL and it was shifted to the proximal part
of the follow-up case.
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FIGURE 5. Streamlines colored by velocity magnitude (left) and LNH (right) on FLs.

TABLE 5. Hemodynamic properties of the initial and follow-up cases.

Hemodynamics Artery Initial (2006) Follow-up (2010)
Max peak velocity (cm/s) Ascending 104.7 79.5
Arch 73.6 49.5
Proximal to entry 179.7 134.0
Distal to entry 114.3 112.9
Entry tear 216.3 146.4
Flow splitting (%) TL 41.8 46.4
FL 58.2 53.6
WSS at peak systolic (dyn/cm?) Max on FL 22.8 14.6
Average on FL 3.2 0.61
Entry tear 155.7 150.8
TAWSS (dyn/cm?) Max on FL 17.1 9.7
Average on FL 2.2 0.75
Entry tear 130.4 43.3
TAWSS gradient (dyn/cm?) Max on FL 266.8 97.9
Average on F 3.6 1.7
Entry tear 251.6 240.1
(O8] Max on FL 0.5 0.5
Average on FL 0.12 0.19

Correlation Between FL Evolution and Hemodynamics

As illustrated in Fig. 7, TAWSS positively corre-
lates with FL evolution. However, the positive corre-
lation is true only for low TAWSS. Figure 7 displays,
for each point on the 2006 FL surface (represented by
a blue circle), the associated TAWSS (x-axis) and the
normal deformation. For TAWSS > 2.5 dyn/cm?, the
deformation over the years is constant with the
TAWSS. Below this threshold, the correlation is pos-
itive (Fig. 7 right). A mild negative correlation was
found between OSI and deformation (> = 0.29) (See
the figure in the Supplementary Materials). The pat-
tern of the RRT is more complex. Figure 8 shows the
RRT on the 2006 FL categorized into two classes
(RRT = 20 cm?/dyn). Clearly, the high RRT is only in

the distal bottom of the FL. Figure 8 right shows the
normal deformation 6 on the 2006 FL. We split four
groups: 0 < —0.5, -05<6<0,0 <0 < 1.5and
0>1.5 (in cm). It is evident that there are two regions
with negative deformations over the years. One region
is in the distal bottom part of the FL, and features the
largest negative deformation. The other region is
around the entry tear. The RRT is clearly correlated to
the former shrinking region.

DISCUSSION

The study is based on a longitudinal data set of one
patient with originally uTBAD, but late FL degener-
ation. On a basis of the rigorous quantification of the
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FIGURE 8. Left: Stratification of the RRT on the 2006 FL (blue: RRT < 20 cm?/dyn; red: RRT > 20 cm?/dyn). Right: Stratification of
the normal deformation in 4 groups (unit: cm): 6 < —0.5, —05 < <0, 0 < 4 < 1.5 and 5>1.5. It is evident that there are two regions
with negative deformations over the years. One region is the distal bottom part of the FL, which features the largest negative
deformation. The other region is around the entry tear. The RRT is clearly correlated to the former shrinking region.

FL progression over the years, we detect possible
correlations between the FL progression and several
hemodynamics factors computed on the early-stage
geometry. High TAWSS, low OSI, and RRT appear
associated with FL evolution in this patient.

A recent longitudinal study** used CFD laminar
solver to identify predictive hemodynamic factors. The
FL evolution was quantified by diameter and FL vol-
ume solely. The boundary conditions were prescribed
by combining measures and literature data. As in our
study, high RRT was indicated to be related to nega-
tive deformation. Another longitudinal study” with no
patient-specific boundary data used inflow measure-
ments from volunteers and literature outflow data. The
aortic remodeling was quantified only by looking at
the maximal diameter and luminal volume. Pressure in
the FL was reduced in the follow-up case. A data
assimilation study® focused on the calibration of 3WK
parameters by rigorous minimization difference
between the measured pressure and computed pressure
from the laminar simulation. Parameters found for
3WK are consistent our results. The overview of the
literature above highlights the novelty of our work at
the methodological level. As the FL expansion rate has
been recognized in the imaging literature as a critical
factor, there has been no consensus on quantitative
criteria.”1?2%2728 A 3D comprehensive evaluation of
the FL deformation combined with the evaluation of
patient-specific hemodynamics represents a significant
improvement to identify the prognostic factors of the
FL aneurysmal dilation. In particular, the added value
of our local analysis is to investigate different regional

mechanisms related to different hemodynamic condi-
tions.

The correlation of the TAWSS with the deforma-
tion of the FL is apparent only for the region with
TAWSS below the threshold of 2.5 dyn/cm®. For
regions affected by larger values of the TAWSS, our
study shows no correlation with the remodeling. A
similar trend was observed in a previous study,'” where
a direct dose-response relationship was observed
between WSS and nitrogen oxides (NO) production in
porcine aortic artery. A deeper analysis at the tissue
level might facilitate identifying in detail the possible
correlations between the two studies.

High RRT has been found to correlate with the
thrombosis absorption,”>** which is usually considered
as a positive event. In our patient, the registration
analysis of the FL showed two regions with the nega-
tive deformation. One is in the neighborhood of the
entry tear. This may be associated with flow re-circu-
lation that may induce fibrotic mechanisms. The other
one with the more evident inward remodeling is in the
distal bottom part of the FL, where the remodeling
seems to be more related to a thrombotic mechanism,
with a particle deposition opaque to the follow-up
imaging. The correlation with high RRT is apparent
only for the second region, consistent with the previous
findings.®?°

High OSI was found related to intracranial aneur-
ysm rupture in a previous study.*> However, we found
here a mild negative correlation between OSI and
deformation. This indicates that OSI may not be the
main factor for the FL evolution and other factors may
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have more important roles (see more discussion on OSI
in the Supplementary Materials).

LIMITATIONS

Our study resorts to state-of-the-art techniques of
image processing and computational hemodynamics,
yet there are several limitations. The arterial wall is
assumed to be rigid, as the computational costs of a
systematic fluid-structure interaction simulation are
out of reach on a large cohort of patients. In addition,
we do not have patient-specific constitutive material
model for the aortic wall. Furthermore, the patient-
specific pressure and flow data for boundary condi-
tions are missing. A flow rate of a patient from a
previous publication with flat velocity profile was
assumed due to the lack of patient-specific data. In vivo
3D velocity profile measured by PC-MRI has been
shown to be more realistic than the flat profile when
enforced as inflow boundary condition.'> The former
should be enforced as boundary condition if available
in the future follow-up studies. Finally, it is a single
patient study, the methodology should be applied to
large cohorts of patients in order to draw more sub-
stantial clinical conclusions. In the follow-up, we will
organize a clinical study in a way that boundary re-
lated data could be collected, yet meeting all the con-
straints of normal clinical practice.

More in general, with the improvement of data
collection and computational methods, we will remove
many of those limitations. Nevertheless, the combined
registration-CFD analysis presented here is a valuable
tool to predict which patients with originally uTBAD
will develop late complication requiring surgical
intervention. In particular, the importance of an
accurate local analysis of the geometrical changes over
the years is apparent.

CONCLUSIONS

This paper is based on the hypothesis that the aortic
geometry plays a major role in the progression of an
aortic  dissection—corroborated by clinical evi-
dence—and that the hemodynamics is the link. As
such, (i) an objective, local quantification of the mor-
phological progression in time is performed, based on
image-registration techniques; (ii) systematic CFD
analyses are necessary for identifying the prognostic
factors in the hemodynamics, showing the role of the
fluid dynamics influencing the aortic remodeling and
disease progression. The CFD simulation is particu-
larly challenging due to the high computational costs
and lack of boundary data. To address these problems,
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we propose some novel solutions. Specifically, for the
former concern we have proposed an effective LES
modeling and for the latter concern, we have proposed
an efficient and reliable combination of literature and
surrogate models.

Our preliminary results are promising. In particular,
TAWSS and RRT were found correlated with the FL
evolution. The local analysis of the hemodynamics
correlation with the remodeling is informative for
different mechanisms. Low TAWSS is associated with
deformation only below a threshold that may be cor-
related to biological dynamics in the arterial wall. The
RRT seems to be informative of the possible throm-
botic dynamics occurring in the bottom part of the FL.
Further wvalidation of these results is needed by
applying the approach to a more significant cohort of
patients, that could enable us to reach our ultimate
goal of developing predictive algorithms based on this
methodology.
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