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Abstract
Aortic dissections are challenging for it remains perplexing to determine when surgical, endovascular, or medical therapies are
optimal. We studied the effect of the multilayer flow modulator (MFM) device in patients with different forms of type-B aortic
dissections. CT scans were performed pre-, immediately post-MFM implantation, and multiple times within a 24-month follow-
up. Three-dimensional reconstructions were created from these scans and the multilayer or single-layer mesh device placed
virtually into the true lumen. We observed that MFM device can sufficiently restore flow perfusion, reduce the false lumen,
eliminate local flow recirculation, and reduce wall shear stress distribution globally. Single-layer devices can reduce false lumen
dimensions; however, they generate local disturbance and recirculation zones in selected areas at specific time points. Moreover,
in polar extremes of dissection, the MFM device restored flow to vital organs perfusing vessels independent of effects on luminal
patency. Management of aortic dissections should focus on modulation of blood flow, suppression of local recirculation, and
restoration of vital organ perfusion rather than primarily restoring vascular lumen morphology. While the latter restores the
geometry of the true lumen, only the former restores homeostasis.
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1 Introduction

Aortic dissections are significant and growing conditions in
which the layers of aortic wall separate and tear apart,
allowing blood to track within fascial planes which are nor-
mally apposed [1]. Hemodynamic forces lead to tear initiation
and propagation, splitting the media layer and creating two
lumina rather than one for blood access: true lumen and false
lumen. The true lumen is the anatomophysiologic aortic lu-
men that supplies blood to body and vital organs. As blood is
directed to false lumen, organ perfusion is reduced and its
dilation can compress the true lumen diameter, further

reducing forward flow to vital organs. The volume of the false
lumen can determine the severity of disease and is a determi-
nant factor for mortality [2]. Acute aortic dissections are those
events recognized within 14 days of onset [3]. Dissections can
be classified according to location of the initiation site; the
Stanford classification system categorizes dissections into
type-Awhich refers to dissections of the ascending and trans-
verse aorta and type-B which refers to dissections of the de-
scending aorta [4].

Early control of dissections can change the disease progres-
sion and primarily involves pharmacologic control of flow,
pressure, and shear stress [5]. Surgical interventions are nec-
essary in type-A dissections, while thoracic endovascular aor-
tic repair with covered grafts is usually reserved for type-B
dissections [4, 6]. In theory, using stent grafts blocks the false
lumen, improves the perfusion of the true lumen, and reduces
intramural stresses to pre-dissection levels. Although
endovascular devices have 100% primary procedural success
rate, long-term prognosis of chronic type-B dissection is dis-
appointing: 60–80% survival within 5 years since complica-
tions and aneurysm expansion are likely [2]. Approximately
25% of the treated patients presenting type-B dissection expe-
rience malperfusion syndrome [7, 8] or hemodynamic
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instability, resulting in a high risk of early death if untreated
[9].Malperfusion syndrome typically leads to abdominal pain,
lower limb ischemia, nausea, diarrhea, and paraplegia.

Covered grafts are implanted with partial coverage of dis-
section to minimize malperfusion leaving open re-entries and
result in recovery of the true lumen with subsequent false
lumen thrombosis that may lead to aneurysms [10]. To over-
come this limitation, the multilayer flow modulator (MFM)
was designed to eliminate the false lumen and simultaneously
suppress possible flow disruptions that can lead to
malperfusion. The company manufacturing the MFM device
(Cardiatis, Isnes, Belgium) has obtained CEmarking approval
(European Conformity) for treating un-ruptured complex aor-
tic aneurysms (aortic aneurysm involving at least one branch
artery). It is a self-expanding tubular stent composed of a
three-dimensional (3D) mesh. MFM consists of several
inter-connecting layers of a braided cobalt alloy wire
(Phynox®) and is extremely flexible and fatigue resistant.
The meshed structure of the device allows proper perfusion
of side branches while, simultaneously, it reduces the blood
flow within the false lumen and aneurysms [11–13].

The biocompatibility of the MFM has already been tested
in porcine models [14], and its role in treating complex aortic
aneurysms has beenwell documented [13]. Although there are
published qualitative reports ofMFM in enhancing true lumen
hemodynamics in dissection patients [15], to the best of our
knowledge, few, if any, have concentrated on the distal perfu-
sion consequences of MFM, alternative designs of MFM, the
reentrant vascular connections between the false and true lu-
men, and their impact on device efficacy. The incorporation of
these elements in this work allowed us to address (1) the
evolution of the false lumen over time, (2) the hemodynamic
performance for alternative MFM designs, and (3) the effect
of flow share alteration as a result of using the alternative
designs of MFM device.

2 Methods

2.1 Geometrical analysis

2.1.1 Imaging data

Two patients were selected on the polar ends of the spectrum
of dissection (case 1 and case 2). Computed tomography (CT)
scans (Siemens SOMATOM Dual Source CT Scanner) were
acquired prior (pre) to the MFM implantation and post-MFM
implantation at day 3, months 2, 6, and 11 for case 1 and at day
3, months 3, 12, and 24 for case 2 (Table 1). Written informed
consent was signed by the patients, and the local ethics com-
mittee approved the study. All medical images obtained by CT
were anonymously saved in Digital Imaging and
Communications in Medicine format.

In both cases, the dissection started from the proximal de-
scending aorta and ended just proximal to the iliac arteries
with multiple re-entries between the true and false lumen. In
case 1, only true lumen was connected to the iliac arteries,
while in case 2, both true and false lumen were connected
and supplied the right iliac artery with blood. The total number
of re-entries, the pattern of distribution, and geometrical char-
acteristics differ in each case [case 1: 4 re-entries (diameter:
min 3.5 mm and max 15 mm), case 2: 3 re-entries (diameter:
min 5 mm and max 33mm)]. All the major re-entries could be
identified in the post-MFM implantation CT scans, and they
were not affected by the MFM blooming artifact [17, 18]. The
MFM device was used to increase perfusion of the true lumen
by almost covering the entire aortic dissection (~ 300 mm in
case 1 and ~ 340mm in case 2). Case 1 had amajor true lumen
stenosis (minimum area of 26.3 mm2) at aortic zone 5, and the
last re-entries of the false lumen were noticed at the abdominal
aortic area (zone 9). Case 2 had a severe true lumen stenosis
(minimum area of 124.8 mm2), and the last re-entry of the
false lumen was noticed at the right common iliac artery (zone
10). Thoracic aorta zones are classified according to Fillinger
et al. [16] (Fig. 1).

2.1.2 Surface reconstruction

To extract the 3D aortic surfaces, we used a semi-
automatic segmentation method which combines an in-
hous e s egmen t a t i on t oo l b a s ed on MATLAB
(MathWorks, Natick, Mass) [19], commercially available
VMTKlab software (VMTKlab OROBIX, v.1.5.1), and
an open-source segmentation software (3D Slicer v.4.0)
(Fig. 1). We removed small, hemodynamically less-
important collateral arteries which are not always visible
in both baseline and follow-up CT scans (lumber arteries)
using the Vascular Modeling Tool of VMTKLab, recon-
structed nine outlets for each case, and stored geometries
in stereolithography file format (Fig. 1). The procedure
was repeated for both cases using pre- and post-CT
scans.

2.1.3 MFM device reconstruction

MFM implantation expands the true lumen allowing the de-
vice to come in contact with the aortic wall and the false
lumen. Due to small size of MFM metallic wires (<
0.3 mm), the comparatively low resolution of imaging modal-
ity, the contact with the wall, and the blooming artifact of the
metallic device [17], it was not feasible to reconstruct the
MFM using the CT scans. Therefore, the MFM device was
geometrically reconstructed and inserted within the aortas
using the reconstructed post true lumen aortic surfaces as
guidelines. The start and end point of each MFM device was
marked in CT scans and matched to the reconstructed
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geometry. Then, the centerline of the true lumen was extracted
and each MFM wire was generated numerically following a
spatial helix curve along the centerline. To best fit the wires of
the device to the true lumen surface, we used the mean dis-
tance of the centerline point to the true lumen surface as radius
of the helix. The MFM generation was done using a devel-
oped in -house MATLAB (Ma thWorks , Na t i ck ,

Massachusetts, USA) code using the Frenet-Serret formulas.
The result is a realistic 3D representation of the MFM device,
which is in contact with the lumen in the majority of its length.
Some parts of the device are not in full contact with the lumen
due to the steep changes in the curvature of the lumen surface.
Using the same method and only one layer of wires, the
single-layer device was produced for each case (Figs. 1 and 2).
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Fig. 1 3D aortic surfaces (red) of
case 1 and case 2 reconstructed
using CT data. From left to right:
pre-MFM implantation aorta
showing the aortic zones (0–9)
[16] and outlets, post-
implantation aorta without the
MFM, post-implantation aorta in-
cluding MFM (gray). Case 1:
(Right top) an in view of post true
lumen without and with MFM
(gray) showing the re-entries
(yellow) and (right bottom) pre-
and post-MFM (gray) showing
the true and false lumen. Case 2:
(Right top) an in view of post true
lumen without and with MFM
(gray), and (right bottom) an in
view of the right iliac artery
showing its connection with true
and false lumen (yellow box). TL:
true lumen, FL: false lumen, C1:
case 1, C2: case 2, MFM: multi-
layer flow modulator; A
brachiocephalic, B left common
carotid artery, C left subclavian
artery, D coeliac trunk, E superior
mesenteric artery, F left renal ar-
tery, G right renal artery, H left
common iliac artery and I right
common iliac artery

Table 1 Clinical data of patients
used in model reconstructions
including patient gender, age,
follow-up time points, locations
of entry and re-entry tears, and
multilayer flow modulator
(MFM) device. Location zones of
the thoracic aorta are classified
according to Fillinger et al. [16]
and are shown in Fig. 1

CT
exam

Case
no.

Patient’s
gender

Age
(years)

Post-surgical
(days)

Location of
entry tear

Location of re-
entry tear

Location of
MFM

1 1 F 28 3 Zone 4 Zones 4:9 Zones 4:9
2 60

3 180

4 330

5 2 M 48 3 Zone 3 Zones 3:10 Zones 0:6
6 90

7 365

8 720
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2.2 Computational analysis

2.2.1 Volumetric mesh construction

Blood flow inside the aorta is modeled solving partial differ-
ential equations of Navier-Stokes to conserve mass and mo-
mentum. The fluid domain is meshed using ANSYS ICEM
CFD (ANSYS v16.0, Canonsburg, PA, USA) to divide the
domain into unstructured tetrahedral elements and accurately
capture the complicated geometrical features. The mesh is
refined near the wall, MFM struts, and wherever high-
curvature geometrical features exist; while coarsened towards
the lumen center to keep computational costs at bay. The ro-
bust Octree algorithm of this software generates a mesh con-
formal to the geometry with a spatial subdivision approach. In
this way, the algorithm will refine the mesh up to pre-set
regional mesh size, filling tetrahedral elements within the vol-
ume generated by arterial wall and the MFM device, and re-
specting the gaps within. For pre cases less than ten million
tetrahedral, grids were generated (case 1 2,396,764 and case 2
998,415). For the post cases, due to the small size of devices
and the sophisticated design of their entangled wires, consid-
erably high number of tetrahedral grids [case 1 39,005,649

(post + single layer) and 99,012,347 (post +MFM) and case
2 38,635,837 (post + single layer) and 153,150,005 (post +
MFM)] were generated demanding substantially more number
of computational grids to resolve the MFM boundary (Fig. 2).
Accordingly, the smallest element size near the MFM struts
was 0.035 mm, while the mesh was coarsened up to 3 mm in
the center of lumen near the inlet to optimize the computa-
tions. Specifically, for post cases with MFM, the resolution of
mesh around the device is a critical factor, to not only resolve
the geometrical features of MFM but also capture the hemo-
dynamics in more details. To make sure that the shear stress is
accurately resolved, a mesh independence study was per-
formed. We refined the mesh and compared the velocity and
wall shear stress (WSS) in selected cross-sectional areas in
two consecutive refinement set-ups of computational mesh
to keep relative errors below 2%. A boundary layer mesh is
also made near the arterial walls and MFMwires to accurately
calculate the stress metrics (Fig. 3).

2.2.2 Governing equations and flow modeling

We solved the Navier-Stokes equations for time-dependent
incompressible blood flow using a fully coupled finite volume

TL centerline

wire 1

wire 2

1L device MFM

Fig. 2 Generation of the single-
layer and multilayer flow modu-
lator (MFM) devices along the
true lumen (TL) centerline: wires
of MFM device are constructed
concentrically to the centerline
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solver (ANSYS CFX, Canonsburg, PA, USA). The Rhie-
Chow interpolation algorithm was applied to integral points
of a co-located grid layout to calculate pressure-redistribution
terms up to the third-order accuracy. To take into account the
small shear strain values near the struts and rheological behav-
ior of blood, it was modeled as a non-Newtonian incompress-
ible fluid with density of 1060 kg/m3 and shear-dependent
dynamic viscosity following the Carreau model [20, 21]:

μ−μ∞
μΟ−μ∞

¼ 1þ λ � γ˙� �2h i n−1ð Þ=2
ð1Þ

where γ˙ is the scalar shear rate, μΟ and μ∞ are the blood
viscosities at infinite and zero shear rates, and λ and n values
are Carreau parameters (Table 2) [22].

2.2.3 Boundary conditions and numerical method

A time-dependent inflow rate immediately after the
sinotubular junction was extracted from the literature
[23]. Unfortunately, accurate determination of the
subject-specific inflow boundary condition for these real-
patient cases requires a degree of invasiveness that is not
used in clinical aortic dissection therapies since they in-
crease the intervention risk. The MFM and vessels are as-
sumed as no-slip walls. To avoid freezing the flow patterns
by over constraining the boundary conditions with pre-
specified pressures, e.g., zero pressure settings frequently
practiced in hemodynamic simulation, we employed a
lumped-parameter model (LPM) to dynamically update
the outlet pressure based on peripheral resistances, proxi-
mal and distal to the outlet, and vascular compliance [23].
This method allowed mutable flow patterns to emerge and
minimized the inaccuracy associated with unrealistic outlet

boundary conditions. Embracing an electrical analogy of
hemodynamic circulation, this classic LPM set-up, which
we have recently adapted for aortic dissections [23], con-
siders inductive, resistive, and capacitance elements
representing effects of inertia, fluid friction, and vascular
distension and fluid storage, respectively. Based on this
model, the outlet pressure is dynamically updated accord-
ing to vascular hemodynamic patterns employing a modi-
fied circuit with extracted capacitive as well as character-
istic and distal resistive elements [23–25].

The cumbersome pre- and post-processing steps were per-
formed on a high-performance work station (64-bit, Intel
Xeon, 12 core, 1.8 GHz with 192GB of RAM), and the com-
putational runs were conducted on a local parallel systemwith
6 nodes composed of 28 dual-core CPUs. Iterations in each
time step were terminated when the residuals of variables
dropped below 10−6, to assure convergence, while mass con-
vergence was also monitored externally. The hemodynamic
features including velocity distribution, flow streamlines,
and wall shear stress map were analyzed using the ANSYS
post-processing package (CFD-Post, ANSYS v16.0,
Canonsburg, PA, USA) and in-house subroutines.

3 Results

We studied the evolution of the false lumen patency over time,
reconstructing the relevant geometries from CT scans. False
lumen evolution was quantified by measuring the volume of
the reconstructed pre and post models and was noticeably
reduced (case 2: 47%) or even eliminated (case 1: 94.5%) over
time. The degree of reduction depends on the architecture of
vasculature, the evolution stage of the aortic dissection, and
how false and true lumen are connected (Fig. 4). This twofold
difference in the false lumen evolution is due to the most distal
(last) re-entry in case 2, which connects the right iliac artery to
the false lumen and maintains the blood flowwithin it (Fig. 1).
To study the post-procedural perfusion regain, three planes
perpendicular to the center line of the true lumen were defined

Fig. 3 A cross-section of the
constructed volume mesh of true
lumen (left) and the magnified
area showing the location of the
device struts inside the mesh
(right)

Table 2 Carreau
parameters to model
non-Newtonian blood
[20–22]

μΟ[Pa∙s] μ∞[Pa∙s] λ(s) Number

0.25 0.0035 25 0.25
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for pre-, post + 1-layer, and post +MFM simulations: at the
beginning of the dissection just after the take-off of the great
vessels (Descending Aorta: zone 3), in the middle of the de-
scending aorta (Suprarenal-mid aorta: zones 4–5), and in the
terminal aspect of the aortic dissection (Infrarenal Supra
Femoral bifurcation: zone 9). The majority of aortic blood is
channeled to flow in the true lumen after the implantation of
both devices, which reduces the false lumen flow (Fig. 5).
Although both devices significantly alter the perfusion pattern
in favor of the true lumen, they preserve some perfusion to the

false lumen, which is vital for a number of side branches that
emanate from it (visible to post-procedure CT scans).

To examine the global effect of using uncovered mesh
stents for aortic dissection treatment, time-averaged WSS
(TAWSS), as a prominent factor of hemodynamic perfor-
mance, was calculated for each simulation over the entire ar-
terial tree (Fig. 6). TAWSS is calculated as [26]

TAWSS ¼ 1

T
∫
T
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Fig. 5 Perfusion regain of multilayer flow modulator (MFM) within the
aortic dissection: true (left) and false (right) lumen: mass flow distribution
of three perpendicular aortic planes at peak systole [descending aorta:
Desc Ao (zone 3), suprarenal-mid aorta: MidAo SR (zone 5), and

infrarenal supra femoral bifurcation: IR SB (zone 9)] for case 1 (C1,
top) and case 2 (C2, bottom) pre- and post-implantation of the MFM
and single-layer (1L-mesh) device
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where wall shear vector, τw,is averaged over the cardiac cycle
of period T. As there is a restriction for blood flow in the true
lumen in pre-intervention cases, TAWSS is increased in the
true lumen with higher stresses near the bifurcations and inner
curves of the artery. Near the proximal entry to the false lu-
men, hemodynamic patterns are significantly disrupted
depicting pathological map of TAWSS. These localized he-
modynamic stressors induce endothelial dysfunction and pro-
mote inflammation and disease progression [27, 28]. Both
endovascular implants restored the true lumen flow, increas-
ing the lumen area, and reduced the blood share of the false
lumen, resulting in a global decrease of TAWSS in the true and
false lumen. This alteration in general map of stress maintains
a more physiological environment within the aorta. However,
stagnation of flow in the vicinity of device struts reduces the
TAWSS locally in both cases which may not be significantly
atheroprone due to the low strut thickness. Distribution of
TAWSS is not noticeably different comparing the post-
intervention arteries with MFM and the single-layer device.

However, in areas where less resistance against the blood flow
was exerted by the 1-layer device compared with MFM, the
increased velocity caused higher wall stresses.

Effects of localized flow pulsatility, as another predictor of
clinical events, were also assessed comparing the oscillatory
shear index (OSI) in each simulation (Fig. 7):

OSI ¼ 1

2
1−

∫T0 τw
�! dt

���
���

∫T0 τw
�!���

���dt

0
B@

1
CA ð3Þ

OSI distribution in pre-intervention simulations shows
high pulsatility in the false lumen due to dramatic disruption
caused by the aortic dissection. Non-physiological pattern of
flow near the proximal entry and also in abdominal aorta in-
duces higher oscillation, and thus OSI. Similar to TAWSS,
device implantation maintains the physiological pattern of
blood flow, reducing the OSI in the false lumen and in the

Fig. 6 Time-averaged wall shear stress (TAWSS) distribution for case 1 (top) and case 2 (bottom) in pre-intervention (pre), post-intervention with the
multilayer flow modulator (post +MFM), and post-intervention with the single-layer device (post + 1-layer)
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vicinity of vital organ outlets. The oscillation near the proxi-
mal entry, although reduced, still remains locally higher, spe-
cifically in single-layer cases, due to blood flow division be-
tween the true and false lumen. Comparing the single-layer
with MFM cases, oscillation looks slightly higher in regions
where high-velocity blood flows freely through the single-
layer device.

To further investigate the differences of the two devices, we
studied the local hemodynamic patterns. Flow disruption was
qualitatively examined illustrating blood flow velocity stream-
lines to detect recirculation areas (Fig. 8). Substantial flow
disruption and recirculation are observed in the pre cases;
specifically, immediately distal to the aortic arch. Flow disrup-
tion is partially alleviated in post-implantation models as the
geometrical irregularities are decreased. However, localized
recirculation is observed, even in the peak-systolic time point,
more frequently in single-layer case compared to MFM, par-
ticularly in areas with suboptimal apposition (e.g., proximal
false lumen entry).

Based on the above observations, we extracted the
planar streamlines at critical regions to compare the
single-layer device to MFM (Figs. 9 and 10). To further
highlight the effects of pulsatility, we extracted the re-
sults in different systolic and diastolic time points
wherein the blood accelerates and decelerates. More in-
tense patterns of recirculation were observed in deceler-
ation phase of cardiac cycle in single-layer cases, where-
in blood faced less resistance of device and got trapped
between the implant and the vasculature. In addition to
showing increased perfusion to the true lumen and re-
ducing TAWSS, the MFM device forced blood to con-
centrically stream inside the device (Fig. 10). In contrast,
the sparse design of single-layer mesh allowed blood to
flow more diffusely in between the device struts. The
design of entangled struts in MFM which channels the
blood flow into the true lumen considerably suppresses
the blood recirculation compared to less effective single-
layer device [11].
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Fig. 7 Oscillatory shear index (OSI) distribution for case 1 (top) and case 2 (bottom) in pre-intervention (pre), post-intervention with the multilayer flow
modulator (post +MFM), and post-intervention with the single-layer device (post + 1-layer)
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4 Discussion

Aortic dissections are increasingly evident yet challenging
clinical conditions where technology availability has
outstripped clinical insight. Fenestrated stent grafts are crucial
for treating dissections and maintaining perfusion of distal
aortic segments. However, in majority of cases, stenting of a
relatively long dissection makes it difficult to build an effica-
cious patient-specific device with proper design of connec-
tions to all branched arteries [29]. Aortic dissections represent
complex pathological events—far more consequential than
mere destruction of arterial wall. Initiation of secondary path-
ways and inter-lumen connections between the true and false
lumen establish complex blood flow patterns that can perfuse
the upper extremities and brain, as well as the lower extrem-
ities and vital organs. In the latter case, tissue integrity de-
pends to its greatest extent on which lumen feeds the organ
in question. Thus, vascular interventions that restore true lu-
men flow at the expense of the false lumen may in fact

jeopardize vital organs. It is not sufficient to simply reduce
the false lumen—one must preserve organ perfusion and at
times, this requires preservation of aortic branches that assure
spinal cord integrity [30] and interlumenal communicating
arteries that assure organ vitality.

Covered stents necessarily obstruct these vessels, mesh
stents do not, but vascular access alone is not sufficient to
provide best flow restoration. We now show that device
geometry should seek to assure perfusion not just architec-
tural correction (Figs. 4 and 5). It is the optimization of in-
artery fluid dynamics that assures resumption of homeosta-
sis. The two cases we examined represent the extremes that
support this concept. Though they affect luminal architec-
ture to considerably variable degree—literally twofold dif-
ference on effects on the false lumen—their net impact is
substantial and equivalent in both cases because they both
assure efficient perfusion regain to vital organs and distal
flow patterns. It is not the lumen of the aorta but down-
stream flow that dominates health.
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Fig. 8 Blood flow streamlines for case 1 (top) and case 2 (bottom) in pre-intervention (pre), post-intervention with the multilayer flowmodulator (post +
MFM), and post-intervention with the single-layer device (post + 1L-mesh)
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Like porous screens and honeycomb nets that reduce tur-
bulence and flow perturbations in wind tunnels [31], theMFM
device as a three-dimensional braided wire mesh laminarizes
blood flow, reduces the perturbations, and focuses the stream-
lines in the direction of vascular wall. This substantial change
in hemodynamic patterns eliminates the vortices and reduces
shear stresses in both the true and false lumen (Fig. 6),
inhibiting aneurysmal growth and greatly reducing rupture
risk [11]. The real impact though requires a more thorough
understanding of fluid dynamics at play. TAWSS alone is
insufficient to describe the variable impact of single- and mul-
tilayer implants given the oscillatory nature of flow. OSI maps
demonstrate significant improvement in oscillation and dis-
ruption suppression by device implantation (Fig. 7). More
importantly, patterns of OSI show that the more-porous design
of the single-layer device allows the high-velocity blood jet
diffuse through the struts and induce local wall impingement
and recirculation in selected areas (Fig. 7). Laminar flow
alignment in critical segments with flow recirculation is highly
affected bymultilayer design ofMFM and relative positioning
of device in complex geometries. Our observations, compar-
ing the single-layer mesh to typical design of MFM, show

generation of localized recirculation zones in the vicinity of
large inter-strut cells (Figs. 8). Increased filtration of blood
flow through sparse single-layer mesh structure, at specific
time points of cardiac cycle, in segments with high curvature
or near inter-lumen re-entries acts as a local source of adverse
outcomes including flow disruption and false lumen evolution
(Figs. 9 and 10). Based on our results, the flow is more sus-
ceptible to induce unfavorable recirculation zones in deceler-
ating phases of cardiac cycle when phase change occurs.
There are many ways to restore true lumen flow and reduce
false lumen share, but there are few (if any) ways of aligning
flow, retaining the flow to the great vessels above and the
lower extremity below, and reducing WSS with minimal flow
disruption and recirculation. This is the advantage of a multi-
layer implant that directly affects flow.

Although vital organ perfusion and global patterns of he-
modynamics are similarly improved employing the single-
layer and MFM devices, they perform differently based on
the vascular geometry and procedural factors (device length,
apposition, outlet coverage etc.). From hemodynamic point of
view, we observed that in highly tortuous arteries with varying
apposition, the high-velocity streaming of blood flow through
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Fig. 9 A coronal plane showing the flow pattern at different time points of cardiac cycle using the single-layer device (1-layer, bottom) and themultilayer
flow modulator (MFM, top)
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single struts induces localized flow instability and recircula-
tion in the single-layer cases. This flow pattern then changes
the local distribution of shear metrics, i.e., TAWSS and OSI,
promoting adverse clinical events. MFM is also reported in
clinical practice to be superior in rapid promotion of re-
endothelialization when compared with the single-layer de-
vice and contemporary stents [32]. The laminarized flow pro-
moted by MFM and reduced local perturbation not only stim-
ulate organized thrombus formation but also accelerate the
device coverage and integration, minimizing endothelium
dysfunction, and thus regulating vascular hemostasis, cell sig-
naling, and vascular healing.

As with any research and modeling, there are approach
limitations. The most important limiting factor in our sim-
ulation is that we cannot access patient-specific boundary
conditions. Accurate determination of such measures re-
quires a degree of invasiveness, which is not only unused
in clinical dissection scenarios but may place these patients
at risk and has therefore rarely appeared in the literature.
There have been attempts to compare the results of numer-
ical simulations to in vivo measurements [33, 34]. These
studies are though limited to pre-surgical dissection cases
without considering the effect of endovascular devices.
Although lumped-parameter models are extensively being
used to assign boundary conditions at outlets [34, 35], their

corresponding parameters in terms of resistances and com-
pliances are mainly acquired for cases without dissection—
this may or may not be deemed appropriate for subject-
specific dissection simulations. Another limitation of this
study is considering flow-only simulations and ignoring
the effects of aortic wall motion. Wall distensibility and
movement during the cardiac cycle might affect the disease
progression as wall stresses in the media layer were shown
to predict the tear onset and dissection propagation [36,
37]. Fluid-structure interaction (FSI) modeling, however,
requires accurate differentiation between material proper-
ties of diseased and healthy tissue in a dissected artery,
accurate structural models of heterogeneous tissue, and
large computational resources. Thus, FSI simulations are
l im i t ed to ex t reme ly s imp l i f i ed geome t r i e s o r
oversimplified material models ignoring the endovascular
implants. More importantly, for cases with relatively long
endovascular implants with a complex geometry, e.g.,
MFM with more than a hundred million computational
grids, available computational resources would not furnish
adequate power to perform FSI within a reasonable amount
of time. In addition, MFM implantation stiffens the arterial
wall, making the rigid wall assumption valid for flow anal-
ysis purposes. Thus, FSI can only be complied if disease
progression is to be included in simplified models.
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Although we had access to and reconstructed several
follow-up time points for each patient, we have conducted
simulations only immediately after intervention. The reason
was twofold: the MFM device is, as mentioned, rapidly
endothelialized [38] after the implantation, making the recon-
struction of realistic MFMmodels extremely difficult, and we
wanted to study the flow alterations caused by the device right
after the implantation. Therefore, the alterations observed in
flow patterns and the recorded reduction of false lumen per-
fusion resulted from our simulations mainly arise from device
implantation. Furthermore, the evolution of the false lumen
and how the change of flow pattern and ultimately the flow
share distribution as a result of device implantation might
affect it are of great value to clinicians. Reconstructing the
follow-up data, we monitored the geometrical change of the
false lumen in different time points, which is affected by the
altered flow pattern. The false lumen reduction is an event that
initiates immediately after the MFM implantation and is the
consequence of opening the true lumen and subsequent
change in aortic hemodynamics. The true lumen opening re-
duces flow in the false lumen (Fig. 5), increases the blood flow
through the true lumen (Figs. 5 and 8), and alters theWSS and
flow patterns (Figs. 6 and 8). This mechanism ultimately re-
sults in the false lumen shrinkage, as recorded in follow-up
data. This then becomes one of the primary teachings of this
work—device compression of the false lumen goes a long
way to restoring vascular integrity in aortic dissections, but
benefits can be significantly reduced if the structural alter-
ations retain significant shunted flow to distal vessels, as seen
in case 2 herein. False lumen retraction was markedly accel-
erated when theMFM covered collateral connections between
the true and false lumen. It was, however, significantly de-
layed when the false lumen inserted into a major peripheral
vessel with origin above and terminus below the device.
Physical modeling then provides valuable insight to the sur-
geon as to the expected effect.

Attaining unsteady flow patterns, performing FSI in sim-
plified models, assessing more sophisticated alternative de-
signs of endovascular devices, and modeling numerous cate-
gories of aortic dissection patients are feasible—yet restricted
by computational resources. This, in part, leads to studies with
limited number of cases and simplified models.

5 Conclusions

Computational study of blood flow in aortic dissection cases
altered by flow modulator devices adds great insight to the
hemodynamics of aortic dissection. While single-layer mesh
stents can support true lumen and sufficiently restore physio-
logical perfusion, they result in slightly higher WSS distribu-
tion and local recirculation, particularly in complex arterial
geometries and areas with suboptimal device apposition. The

transition from systolic to diastolic phases of the cardiac cycle
leads to amplified flow disruption and instability observed in
aortic dissection and single-layer stent therapies, highlighting
the importance of inherent pulsatility of flow in aorta and need
to model the entire cardiac cycle. Single-layer devices might
also associate with procedural difficulties to scaffold the artery
and maintain the patency of true lumen due to low structural
strength and inferior safety and delayed healing, compared to
MFM, due to delayed re-endothelialization. A multilayer im-
plant like MFM overcomes these drawbacks. The focus on
aortic dissections should be directed not just to the evident
vascular changes but also to the spatial distribution and cov-
erage of re-entries between the true and false lumen, the per-
fusion of side branches, and architecture. Devices should now
be expected to affect the general flow pattern well beyond
implantation site by focalizing the flow inside the device, sup-
pressing the recirculation zones, and permitting the side
branch perfusion.
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