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Cardiovascular diseases are the leading cause of mortality in the industrialized world. Among

these diseases, aortic dissection affects the aorta wall and is a surgical emergency with a low
survival rate. This pathology occurs when an injury leads to a localized tear of the innermost
layer of the aorta. It allows blood to flow between the layers of the aortic wall, forcing the layers
apart and creating a false lumen. Endovascular treatment seeks to obliterate the entrances to the
false lumen with a covered stent. There are very few studies on the postoperative demonstration
of blood flow phenomena in the aortic dissection endovascular treatment. It is crucial to study
the hemodynamics of blood in the aorta after an intervention because the new geometrical
configuration of the aorta with a stent leads to modifications in blood flow. For the surgeons, the
procedure can only be performed empirically, using MRI-4D images to view the postoperative
flow of the patient’s blood in the aorta with the stent.

This paper aims to present a numerical tool developed from the open-source software FOAM-
Extend®, allowing for multiphysics numerical simulations. Using MRI data, a bio-faithful model of
the patient-specific case was built. Numerical simulations were performed to predict preoperative
and postoperative (endovascular treatment) hemodynamics. The modifications of the flow in the
aorta were analyzed focusing on the postoperative perfusions. The results were compared with
the corresponding MRI data and have a good qualitative agreement. Biomarkers are calculated
to localize possible zones of post-operative pathological developments and recommendations
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may be suggested to the surgeons.

Introduction

Cardiovascular disease is the world’s largest cause of death
and is estimated that 17.9 million people are killed every
year. The importance of cardiovascular diseases is expected
to increase with the aging of the population (demographics),
obesity (epidemiological factors), and the intensification of
treatment (screening, early detection, etc.) [1,2]. Among these
diseases, aortic dissection (AD) is relatively little known and
difficult to treat, with a survival rate for the more serious
cases not exceeding ten percent. Aortic dissection affects
about three to six people per 100000 (International Registry

https://doi.org/10.29328/journal.jccm.1001150

of Acute Aortic Dissection, IRAD) [3] and AD occurs most
frequently between the ages of 50 to 70 years old and affects
males in approximately two-thirds of cases [4,5]. The main
risk factors are high blood pressure, as well as pre-existing
pathologies affecting the wall properties. When this condition
occurs in the aorta, it is characterized by the emergence
of blood inside the wall of the aorta [6,7], see Figures 1,2.
Dissection corresponds to alocalized tear in the inner layers of
the aortic wall, called the entry site, through which the blood
under pressure penetrates and separates the various layers
of the aorta. Dissection of these layers may extend over a long
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A)

Figure 1: Diagram of an aortic dissection formation. (Image: Wikimedia Commons
J.Heuser®©).

Figure 2: Aortic dissection with examples of entry and exit sites.

portion of the ascending aorta, aortic cross, or descending
aorta and iliac arteries [8]. It constitutes a surgical emergency.

Surgery may be needed when AD reaches a critical state.
Endovascular Aortic Repair (EVAR) is a minimally invasive
treatment for AD. Endovascular treatment seeks to obliterate
the entrance to the false lumen with a stent. It is performed
surgically by making a small open incision in the femoral
artery and sliding the stent graft along the femoral artery
to the level of the aortic dissection to redirect blood flow by
obliterating the entrance to the false lumen (Figure 3) [9,10].

Despite the advantages of this technique, such as shorter
hospital stays, smaller incisions, faster recovery, and lower
morbidities and mortality, the long-term development of
endoprosthesis and the complications resulting from their
installation have not been fully controlled. The complications
generated by their implementation remain a subject of
discussion and lifelong computerized tomography (CT)
surveillance is mandatory annually [11]. In addition, the CT
images are carried out before the intervention and therefore
do not consider the deformation of the vascular structure by
the prosthesis. These tools do not allow for anticipation of

https://doi.org/10.29328/journal.jccm.1001150
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Figure 3: Diagram of an endovascular procedure: the stent is gradually deployed
in a descending aortic dissection: (A) The presence of the IVUS (intra-vascular
ultrasound) catheter in the true lumen; (B) Primary intimal rupture over the
descending aorta; (C) Stent graft covering primary intimal tear. (Image: [9]).

events that may unfold during treatment, which can lead to
both poor sizing (length, diameter) and poor positioning of
the stent but also postoperative mal perfusions. It is difficult
for the surgeon to know beforehand the place where the stent
will be the most effective (entry site, entry, output sites, etc.).
Therefore, the positioning of the stent is an essential element
for the success of the operation. This position leads to a new
flow distribution that should be specified for the clinician.
The proposed approach within the framework of computer-
assisted surgical procedures is to propose an operational
solution for the prediction of possible disturbances of flow
after surgery and to quantify these disturbances by the means
of biomarkers.

It is necessary to figure out the mechanical behavior of
the aortic wall and the patient’s hemodynamic characteristics
to build a realistic bio-faithful model. Many researchers
[12-14] have been interested in numerical simulations of
hemodynamics for several years, allowing the location of
dissections to be correlated with the area of regions where
blood flow is disturbed.

Rheology and nature of the blood flow

Blood rheological properties are crucial to the study
of vascular mechanics. The response of the blood during a
cardiac cycle can consist of two phases: a first systolic phase
with high shear and therefore low-level blood viscosity, and a
second diastolic phase with the lowest shear and an increase
in blood level viscosity. Blood is composed of cells (red blood
cells (RBC), white blood cells, and platelets) suspended
in an aqueous solution (plasma). The RBC being the main
component, the blood rheology depends on their properties:
high deformability and aggregation [15,16]. Therefore, blood
rheology exhibits non-Newtonian rheological properties
like viscoelasticity, thixotropy, and shear thinning. These
microscopic effects of blood play a key role in capillaries and
arterioles (10 um < diameter < 300 pm) [17]. However, for
large diameter vessels (diameter = 300 um) like abdominal
aorta or iliac arteries, with a strain rate beyond 100 s, the
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viscosity is constant and non-Newtonian properties could
be neglected [18]. Even if new results tend to show some
modifications of the flow due to shear thinning [19] no proof
exists demonstrating the modification of large stress locations
responsible for tears. Yet, with unsteadiness, the strain rate
may reach low values (< 100 s?) during diastole, even in
large arteries, near bifurcations, or in pathological arteries
(recirculation zones downstream of stenosis). In that case,
non-Newtonian behavior of blood may be significant [20].

The second hypothesis concerns the laminar-turbulent
nature of the blood flow. Transitional laminar-turbulent flow is
expected in large vessels in the vicinity of the heart (root sinus,
ascending aorta to thoracic aorta where Reynolds number
is moderate to high). Downstream to the thoracic aorta, the
flow is considered laminar in the abdominal aorta [21] where
the time-averaged Reynolds number is around 600 ranging
from 400 to 1100, near the aortic bifurcation. In the common
iliac arteries, the range of Reynolds number is lowered from
390 to 620, according to [22]. Similarly, pathological arteries
with a stenotic section may lead to turbulent flow generally
occurring during the systolic phase of the cycle [23]. Yet,
under pathologic conditions [24] concludes that no turbulence
occurs until stenosis exceeds 50% area reduction.

Hemodynamical flow

The role of hemodynamics in aortic dissection formation
is well-recognized in the literature. Authors [12,25,26] have
shown the existence of preferential sites for aortic dissection
formation and have found that low and oscillating parietal
stress favors dissection development by its impact on the
shape and structure of endothelial cells. The improvement of
medical imaging techniques [27-31] allow for providing more
precise information on the rheological behavior of blood.
In addition to the use of ultrasound imaging, which is often
hampered by the organs covering the arterial vessels, the
radiologist now has multiple magnetic resonance angiography
(MRA) sequences that can be applied to most arterial sites
and that enable a dynamic exploration of the main vascular
pathologies. The work of [31] presented in Figure 4 shows the
kind of studies that are now available with the new dynamic
imaging techniques, called 4D MRI, for obtaining flow rates
and velocity profiles at different moments of the cardiac cycle.

In addition, in some studies, CFD simulations performed
for measured flow conditions are primarily compared with
in vivo 4D MRI measurements. For example, a comparison
with a Newtonian flow model in an acute type B dissection
located at the aortic isthmus is shown in Figure 5. It illustrates
an impressive similarity in the results. In some cases, CFD
simulations could help to determine which surgical procedure
is most suitable to reform flow in the aortic dissection while
also preserving blood flow. Additionally, numerical modeling
based on medical imaging can provide guidance to clinicians
by indicating possible complications based on simulation
results, expecting potential success in improving flow with AD
pathology before surgery.

https://doi.org/10.29328/journal.jccm.1001150
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Figure 4: 3D flow analysis: (A) detection of the systolic peak, (B, C, D) manual
segmentation at peak systolic and calculation of the centerline, (E) an example of
3D flow results obtained in the thoracic aorta [31].
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Figure 5: Comparison of CFD data and acquired 4D PC-MRI flow data at peak
systole and mid diastole. Also shown are the CT image data at two locations
showing suspected secondary tears which were not apparent in the 4D PC-MRI
data [13].

Many mathematical and numerical models have been
developed to simulate blood flow through individual large
arteries. Blood flow properties in single large arteries are
derived analytically or numerically from these mathematical
models, using finite element, finite volume, or finite difference
methods. Most non-Newtonian fluid models used are
generalized Newtonian models, which do not account for
time-dependent elastic or thixotropic effects.

Numerical modeling

CFD simulations based on patient-specific models may
be able to provide insight into the biomechanical behavior of
blood flow in aortic dissection, to predict quantitative analysis
of hemodynamic patterns and clinical progression of aortic
dissection [32]. Using CFD, it is possible to assess certain
hemodynamic parameters that are difficult to quantify in-vivo.
In this work, the fluid-structure virtual representation and
interaction (fully unsteady incompressible three-dimensional
Navier-Stokes equations + structure models) were solved with
the open-source FOAMExtend® software. This solver uses a
partitioned approach with strong fluid-structure coupling.
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Dynamic flow measurements by 4D MRI were performed
at the Hopital de la Croix-Rousse (Lyon, France). The DICOM
images were used for the reconstruction of the 3D bio-faithful
model and processed by the commercial software Simpleware
ScanlIP 2017 (Synopsis, CA, USA). A polyhedral the mesh was
created using the commercial program Star-CCM+© for this
investigation (Figure 6).

Results

After completing the simulations (convergence was
obtained after 8 cardiac cycles), ParaView©, an open-source
program for post-processing CFD/FSI simulations, was used
to assess the following values:

e The velocity field is used to identify the direction of
blood flow from True Lumen (TL) to False Lumen (FL)
(drawing the streamline that shows the direction in
which a massless fluid element will move at any point
in time).

e For CFD simulation, the wall shear stress (WSS) is
defined as the magnitude of traction owing to the
viscous portion of the Cauchy stress tensor TW.

Time-Averaged Wall Shear Stress (TAWSS) is the average
WSS magnitude during one cardiac cycle [33]. It is defined as:

1
TAWSS=—[{) | 1 | dt (1)
T

Where T is a cardiac cycle’s duration, and tw is WSS.
TAWSS is an interesting metric to study because it can be
used to look at the WSS distribution on the artery and identify
areas with low WSS. Generally, TAWSS for the arterial system
is between 10 to 70 dym/cm? [34]. Work by [35] has shown
that low shear stress (<4 dyn/cm?), common in areas prone
to atherosclerosis, promotes an atherogenic phenotype and
thrombus formation.

e Oscillatory Shear Index (OSI) was developed to account

Figure 6: Polyhedral mesh generated with the commercial software Star-CCM+©
(1642729 cells).
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for the wall shear stress vector’s cyclic deviance from
its primary axial alignment [33,36] and it is defined as:

T
1 [o cy dt

0OSI= —<1- |T07w| (2)
2 [o oy | dt

OSI is an excellent predictor of plaque’s initial placement

[37]. This variable’s value fluctuates between 0 and 0.5. The
higher the OS], the greater the change in shear stress direction.

e The relative residence time (RRT) is a criterion for
disturbance of blood flow [33]. It is proportional to the
magnitude of the TAWSS:

RRT = [(1 - 2 x OSI) x TAWSS] ™ (3)

RRT is suggested as a robust single metric for low and
oscillating shear in low and oscillating conditions. The
residence duration of the particles along the wall is closely
related to the RRT [38]. A high RRT has been identified as
being essential in the development of atherogenesis and in-
stent restenosis [39]. When RRT < 1, the zones are submitted
to high shear; when RRT > 1, the zones are subjected to both
low and oscillating shear stress and the associated areas with
only low WSS. Post TEVAR, analysis of RRT may indicate
thrombosis establishment [40].

Dynamic flow measurements by 4D MRI were performed
at the Hospices Civils de Lyon on several patients with aortic
dissection pathology. First, measurements in 2D PC-MRI with
3D velocity encoding were made by the surgeon. The slice
planes were selected to calculate flow rates at the ascending,
supra-aortic, and descending thoracic aorta. As a result, the
4D flow MRI acquisition includes a dynamic sequence to cover
the entire thoracic aorta with the aortic dissection over 20
cardiac phases. The images (DICOM) from MRI were exploited
for the reconstruction of the 3D model that was used in our
numerical simulations (Figure 7).

For the presented chosen case, due to the particular shape
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Figure 7: Bio-faithful AD case.
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of the aortic dissection and the blood flow (helical flow)
between the TL and the FL in vivo (Figure 8), the surgeon
placed a stent inside the FL when performing interventional
procedures. The surgeon observed a helical flow in the stent
in vivo with 4D-MRI. Therefore, it is interesting to perform
postoperative numerical simulations for this case and to
compare them with preoperative simulations.

For the numerical simulation in preoperative and
postoperative conditions, a reconstruction of the bio-faithful
model with the patient-specific case MRI data (Figure 9) was
performed and the model was meshed using the StarCCM+
software (Figure 6, Figure 9). Next, the patient-specific
velocity field for the ascending (inlet) aorta was built up with
the flow measured by MRI.

The Windkessel model parameters used, Rp, Rd, and C,
first set based on data from [41,42] for the three supra-aortic
trunks, the four arteries on the descending aorta, and the two
iliac arteries were used, and then manually adjusted based on
dynamic imaging data. This realignment of the parameters
allows adaptation to the patient-specific data, providing
patient-specific resistance and compliance values Table 1.

Helical flow

FL

Figure 8: 4D-MRI flow data with the helical flow.

Post-operative (improve the
smoothness of the surface)

M
FL \

Stent

Preoperative Postoperative

TL

Figure 9: Reconstruction of the bio-faithful model with MRI data.
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Table 1: Windkessel model parameters applied to a fluid model output and adjusted
with MRI data.
Rp Rd (o]
x10°m™" - s~ x10°m™" - s~ x107m - s?
Brachiocephalic artery 0.0525 0.834 8.63
Left common carotid artery 0.147 2.232 3.1
Left subclavian artery 0.072 1.2135 8.0
Hepatic artery 0.1387 0.78 5.15
Superior mesenteric artery 0.1387 0.78 5.15
Renal arteries (Right&Left) 0.314 0.692 5.725
lliac arteries (Right&Left) 0.035 0.5 14.4

Figure 10 shows a comparison between the blood flow
rate recorded with PC-MRI and the blood flow rate produced
with the CFD model at four distinct locations: ascending aorta
(inlet), brachiocephalic artery, left common carotid artery,
and left subclavian artery. Overall, the anticipated waveforms
match with those seen in vivo and there is an excellent
synchronization between the two waves in each of the four
sites studied.

The flow streamlines with preoperative 4D-MRI data and
CFD simulations are compared (Figure 11). The same flow
phenomena between in vivo and CFD simulation are observed,
even if at peak systole, the velocity in TL of CFD simulation is
more significant than the MRI data.

As shown in Figure 12, the velocity magnitude 2D map on
different sections of the aorta was extracted from numerical
simulations at various times during the peak systole of the
patient (t = 0.13s), throughout the flow decay (t = 0.2s), at the
end of the systole (t = 0.3s), and the beginning of diastole (t =
0.45s). Compared with 4D-MRI results in the corresponding
time, the velocity distribution has the same trend in each
section, with an interesting agreement.

With streamlined plots, it is possible to conduct another
detailed analysis of the hemodynamics along the true and
false channels. The rise to systole, Figure 13, comes with a
flow with significant levels of speed. The feeding of the false
channel (green) is clearly visible. Note that the confluence of
the two channels takes place after the bifurcation towards the
iliac arteries and therefore their perfusion is not symmetrical.
The true channel only supplies the right iliac. The false channel
feeds both the true and the false channels.

Atdiastole, reflux sets in the iliac arteries Figure 14 (a). The
same method is applied to understand how the arteries are
perfused. It may be observed that the two iliac arteries feed
both the true and the false channels (b). In the false channel,
the reflux rises to the tear of the dissection (c), then descends
again in the true channel (d) and contributes to the perfusion
of the celiac, mesenteric and renal arteries.

At the end (e), the renal arteries are irrigated: during
the systolic phase by the true channel and then during the
diastolic phase by the true and the false channel. The situation
is different for the celiac trunk and the mesenteric artery.

www.cardiologymedjournal.com m



A proposal of risk indicators for pathological development from hemodynamic simulation: application to aortic dissection m
a
30 T T T T T T
Pre-Op ascending aorta(inlet)
Pre-Op brachioccephalic artery ———
Pre-Op left common carotid artery ——
Pre-Op left subclavian artery B
| . |RM ascending aortalinlet} = |
25 IRM brachiocephalic artery @
IRM left common carotid artery @
IRM left subclavian artery @
20 i
T 15f » 4
E
2
a
g # .
=
2 1wt e
5| i
PR 2 a & 8 s M 1 i i o 2 ]
a 0.2 0.4 0.6 0.8 1 1.2 1.4
Figure 10: Comparison of MRI data and CFD simulation of preoperative flow rates.
4D-MRI CFD 4D-MRI CFD

Uim/s)
0.00 02 04 06 0.80

e e —

Figure 11: Comparison of the flow streamlines between 4D-MRI data and CFD simulation of preoperative.
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Figure 12: Velocity magnitude 2D maps on several sections along the aorta and compared with 4D-MRI.
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Figure 13: Streamlines at systole.
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Figure 14: Streamlines at systole.

They are well irrigated by the true channel at systole but only
by reflux from the false channel at diastole.

One of the most important outcomes of these simulations is
the prediction of wall shear stress, which is usually evaluated
using a variety of indices, such as the time-averaged wall shear
stress (TAWSS), oscillatory shear index (OSI), and relative
residence time (RRT). The distribution of the wall shear stress
produced via CFD simulation is discussed below.

In the aortic branches and the distal TL, elevated TAWSS
values can be seen (Figure 15). Due to the pathological thoracic
aorta’s higher hydrodynamic resistance, there is more flow
in the three branches than would usually be anticipated in a

https://doi.org/10.29328/journal.jccm.1001150
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healthy aorta. Therefore, the branches have higher TAWSS
scores. Despite the decreased flow rate via the distal TL, its
geometric constriction increases local velocities, resulting in
higher TAWSS values. Also, higher values of TAWSS greater
than 5Pa can be observed in the postoperative analysis, not
only due to the advanced age of the patient (78 years) but also
due to the placement of the stent in the LF, which is narrower
than the normal thoracic artery. The false lumen is subject
to the development of calcification plaque. Therefore, the
distribution and fluctuation of wall shear stress characteristics
throughout the cardiac cycle is essential to assess risk areas
with preoperative and postoperative measurements.

The oscillatory shear index (OSI), shown in Figure 16,
measures the flow’s oscillatory character. This index fluctuates
significantly throughout the domain, except in the distal and
proximal TL. It continuously shows high values, indicating a
significant variation in directionality compared to the average
flow. In the postoperative results, it can be observed a section
upstream of the TL with extremely high OSI values, indicating
that blood flows from the FL to the exit of dissection, and
backflows into the FL, then generating oscillations in TL.
Since WSS is one of the potential factors [35] in the formation
of atherosclerotic plaque, high WSS is related to plaque
rupture in atherosclerotic cases, while low shear stress is
associated with acceleration of plaque progression. Real-time
postoperative monitoring of the patient is necessary.

Preoperative Postoperative

True

TAWSS (Pa)
500 Lumen

Lumen
-
R
2

1

0000

Figure 15: TAWSS distributions for preoperative and postoperative.

Preoperative Postoperative

False
Lumen

Figure 16: OSI distributions for preoperative and postoperative.
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The relative residence time (RRT) is a surrogate for
disturbed blood flow, characterized by low magnitude and
strong oscillatory wall shear stress. The RRT distribution
(high values) is a wuseful tool for detecting potential
atheromatic plaque localization areas. Figure 17 shows that
RRT high values are significant throughout the domain of
FL in preoperative, leading to an aneurysm pathology if not
treated quickly. And postoperatively, it can be noted that the
domain of high RRT values has disappeared in FL. However,
due to the irregular small amount of blood flow in the region
upstream of the TL, the value was high.

The helical structures of blood flow can be evaluated in
terms of localized normalized helicity (LNH) that describes
the cosine of the angle between the local vorticity w —(r—, t)
and local velocity u”—(r—, t) vectors [43].

w =(r-,t) =Vxu—(r-,t) (4)
u’ - (r —>,t)(0_} - (r—.t)

u” > (r-te” ->(r —>,t)‘

LNH = (5)

Due to the presence of a helical flow observed for this
patient both preoperatively and postoperatively from 4D MR,
LNH (with a threshold of LNH = + 0.8) is used to identify if
there were any elevated helical structures in the overall flow
at the onset of systole, at peak of systole, at a deceleration
of systole and at mid-diastole, (Figure 18) left the helical
structure in blue, right in red.

Preoperatively, the presence of counter-rotating helical
structures upstream of the ascending aorta, in the bulge area
(the entrance to the dissection) and in the region of the two
common iliac arteries, are unveiled during the cardiac cycle.
There are helical structures found along the descending
thoracic aorta during the deceleration of systole and diastole.

For postoperative, LNH showed that helical structures
distributed almost the entire aorta during the cardiac
cycle and were distributed approximately equally between
clockwise (red) and counterclockwise (blue) structures.
Indeed, the postoperative patient has a narrower diameter

Preoperative

Postoperative

False
Lumen

True
Lumen

Figure 17: RRT distributions for preoperative and postoperative.
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Prooperative

Figure 18: LNH distributions for preoperative and postoperative.

than the arterial size of the preoperative patient, indicating
the existence of a more stable and helical flow pattern due to
vascular remodeling despite the higher blood flow.

Conclusion

The purpose of this research was to assess and verify
patient-specific preoperative and postoperative simulations
of AD using qualitative and quantitative comparisons to in vivo
data obtained by 4D-MRI. The findings of these simulations
must be biologically right to offer valuable insights. It means
securing model parameters from patient-specific data, such as
geometry and input and outflow boundary conditions. The use
of 3D inlet velocity profiles and 3-element Windkessel outlet
models has been shown to produce the most physiologically
accurate CFD model results.

A patient-specific AD bio-faithful CFD model has been
created to investigate dissection’s hemodynamics and
obtain a mechanical knowledge of critical anatomical
characteristics associated with different disease progressions
(atherosclerosis, aneurysm, etc.). The results were compared
with the corresponding MRI data and have a good qualitative
agreement.

Fluid dynamic markers significantly impact AD’s long-term
progression. CFD models may be used to accurately predict
hemodynamic indicators such as WSS and other important
biomarkers that are difficult to measure experimentally and
impossible to assess in vivo.

It can be concluded that numerical tools are a promising
option for analyzing hemodynamics in AD.

Ethics statement

Written informed consent was obtained from all included
patients to the work on their anonymous image data.
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