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Abstract

Introduction—Endovascular treatments, such as tran-
scatheter aortic valve implantation (TAVI), carry a risk of
embolization due to debris dislodgement during various
procedural steps. Although embolic filters are already avail-
able and marketed, mechanisms underlying cerebral embo-
lism still need to be elucidated in order to further reduce
cerebrovascular events.
Methods—We propose an experimental framework with an
in silico duplicate allowing release of particles at the level of
the aortic valve and their subsequent capture in the supra-
aortic branches, simulating embolization under constant
inflow and controlled hemodynamic conditions. The effect of
a simple flow modulation, consisting of an auxiliary constant
flow via the right subclavian artery (RSA), on the amount of
particle entering the brachiocephalic trunk was investigated.
Preliminary computational fluid dynamics (CFD) simula-
tions were performed in order to assess the minimum
retrograde flow-rate from RSA required to deviate particles.
Results—Our results show that a constant reversed auxiliary
flow of 0.5 L/min from the RSA under a constant inflow of 4
L/min from the ascending aorta is able to protect the
brachiocephalic trunk from particle embolisms. Both com-
putational and experimental results also demonstrate that the
distribution of the bulk flow dictates the distribution of the
particles along the aortic branches. This effect has also
shown to be independent of release location and flow rate.
Conclusions—The present study confirms that the integration
of in vitro experiments and in silico analyses allows designing
and benchmarking novel solutions for cerebral embolic
protection during TAVI such as the proposed embo-devia-

tion technique based on an auxiliary retrograde flow from the
right subclavian artery.

Keywords—Computational fluid dynamics, Aorta, Cerebral

embolization, Transcatheter aortic valve implantation.

LIST OF SYMBOLS

AA Ascending aorta
BCT Brachiocephalic trunk
CRA Cranial circulation
CAU Caudal circulation
CFD Computational fluid dynamics
DA Descending aorta
LCCA Left common carotid artery
LSA Left subclavian artery
RCCA Right common carotid artery
RSA Right subclavian artery
TAVI Transcatheter aortic valve implantation

INTRODUCTION

Aortic valve stenosis (AS) is a common disease of
elderly patients, and it is constantly increasing fol-
lowing the progression of the life expectancy and the
ageing of the population in Western countries.34 Dur-
ing the last decade, Transcatheter Aortic Valve
Implantation (TAVI) has become a valid alternative to
standard surgery for the treatment of symptomatic AS
in high-risk patients.22 The procedure is based on the
endovascular positioning and deployment of biological
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valve prosthesis, sewed into stent-like metallic frames,
inside the native aortic valve. Since its first appearance,
different models of TAVI devices and procedures have
become available.24

Stroke is a risk of most cardiac surgical procedures5

and a risk of TAVI as well: the position paper on
TAVI elaborated by the European Society of Cardi-
ology (ESC) and the European Association for Cardio-
Thoracic Surgery (EACTS) acknowledges a (clinically
evident) stroke rate between 3 and 9% for trans-
femoral TAVI and 0–6% for transapical TAVI.44 Even
more prevalent but more difficult to assess is the
occurrence of sub-clinical brain lesions due to micro-
emboli released during the procedure: clinically silent
but morphologically detectable cerebral perfusion
deficits occur in 84% of patients undergoing TAVI.19

Even if the potential impact of these lesions to the
neurocognitive function in the long term remains un-
known, these numbers are worrisome. The relatively
high stroke rate was re-confirmed in a more recent
paper33 reporting 9% of stroke after TAVI, of which
more than 50% occurred within the first 24 hours. The
overall incidence of cerebrovascular events complicat-
ing TAVI in the German Registry was 3.2%,49 while
other randomized trials have reported an incidence of
stroke post TAVI ranging from 0.6 to 6%.11,47

Several devices aiming at capturing or deflecting
embolic material during TAVI have been devel-
oped.7,14,30,32 Unfortunately, such devices are not able
to completely prevent cerebral micro-emboli or new
transient ischemic lesions, as evaluated by cerebral
diffusion-weighted magnetic resonance imaging.38

Consequently, there is still room for a better
understanding of embolism mechanisms to devise
methods that could provide more brain vessels pro-
tection and prevent new lesions.16

The present study aims at modeling embolism dur-
ing TAVI by in vitro experiments in parallel with
computer simulations. An in vitro mock-circulatory
loop is equipped to release particles in the aortic
annulus and recapture them distally in order to
quantify the emboli distribution along the supra-aortic
branches under different hemodynamic conditions.
Computational fluid dynamics (CFD) simulations
were used to investigate a potential solution based on
flow modulation at the level of the supra-aortic vessels
to protect the cerebral circulation during TAVI. The
required amount of flow injected from the right sub-
clavian artery (RSA) was explored in a virtual manner
prior to confirming this approach in bench tests. The
proposed embo-deviation approach is grounded on the
outcomes reported by Hedayati et al.,17 who showed
that an axillary artery cannulation for cardio-pul-
monary bypass is cerebroprotective in a canine model:
the altered blood-flow patterns during axillary cannu-

lation induce retrograde brachiocephalic flow and
competing intracerebral collateral blood flow able to
deflect emboli from the ascending aorta and arch to-
wards the descending aorta, potentially decreasing the
incidence of stroke. Similar indications about the flow
pattern reshaping were also reported by Demertzis
et al.,10 who were able to visualize the aortic flow
pattern due to the right axillary artery cannulation,
used in cardiac surgery, under conditions of either full
or partial circulatory support.

METHODS

A mock circulatory loop where particles, repre-
senting emboli, are released and captured under con-
trolled hemodynamic conditions was constructed. The
setup is composed of the following parts: 1) aortic
model; 2) centrifugal flow pump; 3) reservoir; 4) data
acquisition system to monitor flow rates and pressures;
5) injection system to release the particles in the circuit;
6) filtering system to capture the released particles; 7)
needle valves to adjust flow-split and mean pressure of
the circuit. In the following, each component is dis-
cussed.

Aortic Model

An idealized model of the aortic arch and
descending aorta using the CAD design software So-
lidWorks v. 24 (Dassault Systèmes, Velizy, France)
was designed. Such a model, depicted in Fig. 1,
resembles an average healthy aortic arch anatomy
according to literature.20 The CAD model was then
exported in stereolithographic format (.stl) to create a
3D-printed physical model by a commercial high-res-
olution stereolithographic 3D printer (Form 2, Form-
labs Inc., USA). The wall thickness of the model is
variable (from 0.75 to 4 mm) (see Fig. 1) to achieve a
sufficient resistance for handling and pressurization,
i.e., an average 100 mmHg. Resin Clear—RS-F2-
GPCL-02—was used to print the model with a layer
thickness of 100 lm, ensuring high transparency in wet
conditions; transparency is indeed a mandatory feature
for our analysis because images and videos of the
model are captured during the particles’ release to have
a qualitative indication of their path and distribution
along the aortic arch. The model is rigid, a necessary
working condition to be counterparted by CFD anal-
ysis.

Mock Circulatory Loop

The aortic model was connected with ½¢¢ tubes
(Raumedic ECC-SIK; Rehau, Isernhagen, Germany)
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to the hydraulic circuit (see Fig. 2a), filled with water
at room temperature and driven by a centrifugal pump
(Medtronic Bioconsole BIO-MEDICUS 550, Min-
neapolis, MN, USA), imposing constant inflow, which
is measured by a clamp-on flowmeter (SonoTT Clamp-
On transducer, Em-Tec GmbH, Finning, Germany)

positioned at the inlet of the aortic model. The supra-
aortic branches were distally merged to one vessel in
order to enable flow quantification only in two major
directions: cranial (CRA), i.e., towards the cerebral
circulation; caudal (CAU), i.e., towards the descending
aorta. Although this choice implies limitations, it

FIGURE 1. Aortic model and its main dimensions. IDs of the major vessels are as follows: 3—AA, 4—DA, 6—BCT, 9—RSA,
10—RCCA, 7—LCCA and 8—LSA.
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simplifies the experimental activities because it allows:
(1) easy tuning of the CRA/CAU flow split; (2) using
one filter to capture the corresponding particles,
avoiding smaller filters which can be more easily
clogged up by few particles. Consequently, each major
branch contains a filter for capturing particles and a
downstream needle valve to set the hydraulic resistance
and thereby the CRA/CAU flow split ratio of 35/65,
respectively, according to literature.8 As working
assumption, this ratio has been kept constant also
when auxiliary flow was added from the RSA. This
flow split is measured by switching the flowmeter
transducer from the inlet to the CAU outlet. The outlet
tubes and the inlet tube of the pump are connected to a
5 L reservoir, mounted on a pole to enable the
adjustment of the working pressure via reservoir
height. The working pressure is defined as the average
of the pressures read at the level of the two filters by
pressure sensors (Micro Switch Pressure Sensor 40PC
Series, Honeywell, Freeport, IL, USA) connected to a
NI DAQ USB-6210 board (National Instruments,
Austin, TX, USA).

According to Bachman et al.,4 we have adopted
Amberlite particles as embolic models. A bolus of
0.50 g of neutrally-buoyant particles with a harmonic
mean size of 0.550–0.750 mm (Amberlite IRA-96 free
base, Sigma-Aldrich) is injected at the level of the
aortic root. The selected size range of the particles

includes the smallest size adopted by Bushi et al.6 (i.e.,
0.6 mm), who evaluated the behaviour of 1.6 and
3.2 mm particles as well. The dimension of our parti-
cles resembles also the smallest size of amorphous
calcified debris reported by the study of Van Mieghem
et al.46

The speed of particle injection is controlled by a
syringe pump (NE-4000 Two Channel Syringe Pump
Multi-Phaser, Syringe Pump, USA) that drives the
particle bolus release in the aortic model in a short
amount of time, i.e., between 4 and 5 s, resembling the
time required to deploy a valvular prosthesis. The re-
leased particles are captured by two filter baskets,
which were realized using the same stereolithographic
3D-printer and the same material of the aortic model;
in this case, a higher layer resolution of 50 lm due to
the finer details of the design is used. As illustrated by
Fig. 2b, the filter was designed (Autodesk Inventor
2017 Student Edition, Autodesk Inc., San Rafael,
California, USA) to facilitate its assembly, being
composed by a case holding a basket where a stockings
net (100% polyamide–22 dtex), with an approximate
pore size of 0.1 mm, was embedded; the plug-and-play
design of the filter allows repeating the experiment in a
fast and efficient manner. Each part of the filter (see
Fig. 2c) incorporates luer lock connectors to plug the
pressure sensors; we ensured a minimum pressure
gradient of 0.1 mmHg to minimize its impact on the

FIGURE 2. (a) Schematic representation of the mock circulatory loop; (b) assembly of CAD drawings of the filter basket; (c) 3D
printed components of the filter basket assembled; (d) to be plugged in the circuit. CFP—centrifugal pump; CRA—cranial direction;
CAU—caudal direction; R—right; L—left.
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experiments. After each experiment, the net containing
the captured particles was carefully removed from the
basket, dried and weighed using an electronic balance
with a 0.01 g readability (GandG GmbH, Germany) to
evaluate the particle distribution as function of the
controlled flow-pressure conditions.6

Computational Fluid Dynamics

The previously described aortic CAD model was
also processed to generate a CFD-suitable domain.
Volume meshing of the geometry was performed with
VMTK software suite1 that resulted in a mesh of 1.05
million elements following a sensitivity analysis for the
velocity field, which is the main contributor to particle
tracking. The granularity is on the range of similar
experiments within the thoracic aorta.23,43

As for the boundary conditions, on the section
representing the aortic root, a constant flow rate of 4
L/min was prescribed using a Dirichlet boundary
condition and a plug profile. On the outflow sections,
we prescribed the flow split conditions adopted for the
in vitro experiments: 35% of the outflow in the cranial
direction and 65% in the caudal direction. To do so,
Dirichlet outlet with a flat velocity profile was used in
the CRA boundary, whereas stress-free boundary
condition was used at CAU outlet section. In order to
find the inflow threshold from the RSA that would
refrain particles from entering into the cerebral circu-
lation through the right common carotid artery
(RCCA), a flat velocity profile ranging from 0.0 to 0.5
L/min, with steps of 0.1 L/min, was plugged in the
RSA. Cranial flow split was modified accordingly to be
35% of the inflow to the domain also in this case.

To acknowledge potential differences with a pul-
satile flow model, we performed two simulations with
an ascending aortic flow wave extracted from Mor-
biducci et al.26 and then scaled to match the 4 L/min
flow used in the steady counterpart. In one of them, no
flow was injected from the RSA, whereas the other one
had the same auxiliary inflow of 0.5 L/min that was
used in the steady model. Boundary conditions are
imposed according to the approach proposed for the
steady case. Simulations were run for 6 cycles in order
to achieve periodicity and avoid initial transitory states
and the timestep used was 0.001 s in order to ensure a
Courant-Friedrichs-Lewy (CFL) number below 1
along the entire cardiac cycle.25

In the simulations, walls were assumed as rigid with
a no-slip boundary condition. Blood was treated as
Newtonian with a viscosity of 0.0035 Pa s and a den-
sity of 1060 kg/m3. LifeV finite element library for

solving the Navier–Stokes equations was used in four
AMD Opteron 6272 processors to run the simula-
tions.35 Numerically, these equations are discretized in
time using a second-order Backward Differentiation
Formula (BDF2)36 and in space using inf–sup
stable elements such as P1Bubble-P1 for the velocity
and pressure fields, respectively. The system is first left-
preconditioned and then solved with the GMRES
iterative method,40 tolerances for the continuity and
velocity equations were set to 10�5. Due to the laminar
nature of flow at these low Reynolds numbers, no
turbulence model was used and only streamline diffu-
sion was used for stabilizing the highest velocities
within the domain.15

Point-wise velocity field computed by CFD during
the last simulated cycle was post-processed with Par-
aview (Kitware, FR) where a source of massless par-
ticle was placed in the corresponding inflow as
proposed in the in vitro counterpart. In the unsteady
simulation, the bolus was released at the beginning of
the systole (t = 0 s) and five cycles were tracked after
the injection of the bolus to give all the particles time
to exit the domain (i.e., the wash-out lapse for all the
particles). Particles were traced in order to: (a) account
for the particle split between the CAU and CRA cir-
culations and (b) to quantify the percentage of released
particles entering the brachiocephalic trunk (BCT).

Experimental Set

We ran three series of the experiments. The first one
aimed at investigating the impact inflow rates (3 or 4 L/
min) and release side (right or left lateral aortic
annulus) on the particles’ distribution, while in the
second series, with the same aim, we evaluated the
impact of changing the CRA/CAU. In the first series,
five repetitions were performed for each combination
of conditions to assess reproducibility of this test and
measuring method. Both test series are performed
without auxiliary flow from the RSA.

Finally, based on the steady CFD simulation re-
sults, we performed the particle injection when 0.5 L/
min auxiliary flow from the RSA is active to confirm
that it would actually abstain the particles to enter the
cranial circulation through the RCCA. According to
the results of the previous tests detailed in the next
section, three repetitions were performed for the last
series because previous tests showed the good
repeatability of the results and particles were injected
from the right side because both access sides are
equivalent for our purposes. The inflow from the aortic
root was 4 L/min.
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RESULTS

The results of the first series of experiments are
reported as mean and standard deviation in Table 1.
From the right aortic annulus release side, given an
inflow of 3.4 ± 0.02 L/min and a CRA/CAU flow split
ratio of 31 ± 2.1/69 ± 2.1, we measured a CRA/CAU
particle distribution of 37 ± 3.6/62 ± 2.6; while given
an inflow of 4.1 ± 0.1 L/min and a CRA/CAU flow
split of 33 ± 1.4/67 ± 1.4, we measured a CRA/CAU
particle distribution of 33 ± 3.0/67 ± 3.0. From the
left release side, given an inflow of 3.2 ± 0.1 L/min and
a CRA/CAU flow split of 36 ± 1.1/64 ± 1.1, we
measured a CRA/CAU particle distribution of
35 ± 2.3/65 ± 2.3; while given an inflow of 4.3 ± 0.1
L/min and a CRA/CAU flow split of 33 ± 1.1/
67 ± 1.1, we measured a CRA/CAU particle distri-
bution of 32 ± 5.7/68 ± 5.7. All the released particles
were successfully captured, as the pre-release weight
equaled the post-capture weight for each experiment.
The standard deviation for the repeated measures of
particle collection was < 6% overall; this result sug-
gests that the release and catch method is sufficiently
consistent to draw conclusions for future testing of
embolic protection devices and risk of stroke when a
large number of particles is used because our counting
method is based on particles’ weighting, which fails in
accuracy when only few particles are considered. Our
results demonstrated that the distribution of the bulk
flow dictates the distribution of the particles along the
aortic branches, which seems to be independent of
access side and flow rate. In fact, to corroborate this
finding we enforced in the second series of experiments
more extreme conditions of the flow split, as shown in
Table 2: under an inflow of 4 L/min, given a CRA/
CAU flow split of 50/50, we measured a CRA/CAU
particles’ distribution of 50/50, while given a CRA/
CAU flow split of 19/81, we measured a CRA/CAU
particles’ distribution of 18/82.

The results of the CFD simulations reported in
Fig. 3 suggest that an RSA auxiliary flow of 0.5 L/min
is enough to deviate the injected particles and to avoid
their entrance in the brachiocephalic trunk when a

steady inflow is considered. Figure 4 confirms this
phenomenon in the in vitro setup, where the same
auxiliary flow from RSA refrains the particles to enter
the BCT. This is mostly caused by the division of the
inflow jet: part of the auxiliary flow goes cranially,
while the remaining part goes retrograde to the arch
creating a barrier for the particles, which unfortunately
are still able to run through the LCCA. The current
setup does not allow counting the subdivisions of the
particles along the three supra-aortic branches so we
are not able to assess if the auxiliary flow reduces or
even increases the amount of particles running through
the LCA. Videos 1 and Videos 2 show the release of the
particles without and with the auxiliary flow, respec-
tively. As reported in Table 3, the use of the auxiliary
flow reduces the number of particles diverting towards
the cranial direction (� 5%); in fact, we measure a
CRA/CAU particle split of 28 ± 2.0/72 ± 2.0 which is
similar to the control condition, with no auxiliary flow,
i.e., 33 ± 3.1/67 ± 3.1. Similar indications are
obtained by in silico simulations that confirm a
reduction of CRA particles (� 10%) when auxiliary
flow is on. Despite both approaches indicate the same
trend about particle split, there is a difference in
magnitude, suggesting that the treatment of particles in
the CFD studies, injected as massless particles, does
not necessarily represent the in vitro experiment, while
it is certainly valid for particle image velocimetry
where the particles are much smaller (< 100 lm).37

Unsteady simulation results with no inflow from the
RSA confirmed that the particle split followed the flow
split (i.e., 35 CRA/65 CAU). However, when we added
the 0.5 L/min auxiliary flow, we had more particles

TABLE 1. Measurement of the particle split as function of different access side and inlet flow rate.

Access Inlet flow (L/min)

Flow split Particle split

CRA (%) CAU (%) CRA (%) CAU (%)

Right access 3.4 (± 0.02) 31 (± 2.1) 69 (± 2.1) 37 (± 3.6) 62 (2.6)

4.1 (± 0.1) 33 (± 1.4) 67 (± 1.4) 33 (± 3.0) 67 (± 3.0)

Left access 3.2 (± 0.1) 36 (± 1.1) 64 (± 1.1) 35 (± 2.3) 65 (± 2.3)

4.3 (± 0.1) 33 (± 1.1) 67 (± 1.1) 32 (± 5.7) 68 (± 5.7)

The results are reported as mean and standard deviation (STD) of the five repetitions performed for each case under investigation.

TABLE 2. Measurement of the particle split as function of
different flow split.

Inlet flow (L/min)

Flow split Particle split

CRA (%) CAU (%) CRA (%) CAU (%)

4.03 50 50 50 50

3.98 19 81 18 82

Only one experiment is performed for each case.
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going to the CAU circulation and the ratio became 28
CRA/72 CAU. This demonstrated that the inflow jet
diverted debris to the descending aorta. In detail,

particle split changed between the steady and unsteady
simulation as follows: BCT + 4%, LCCA + 2%,
LSA � 18% and CAU + 12%. Therefore, the auxil-

FIGURE 3. Results of numerical simulations: (a) streamlines resulting from CFD analysis when RSA auxiliary flow is not
activated; (b) streamlines resulting from CFD analysis accounting for 0.5 L/min RSA auxiliary flow; (c) percentage of injected
particle running through brachio-cephalic trunk (BCT) as function of RSA flow rate, resulting from particle tracking analysis.

FIGURE 4. (a) Schematic representation of the mock circulatory loop with red box highlighting the region depicted in (b) showing
the case when particles are released without auxiliary flow from right subclavian artery (RSA) and (c) when the auxiliary flow is
present.
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iary flow was not enough to divert all of the particles
from reaching the BCT, which are still the 15% of the
particles entering in the supra-aortic branches.

DISCUSSION

Intraoperative embolism during TAVI is still a
controversial open issue and its impact on the prog-
nosis of the treatment is relevant: patients suffering
from stroke complicating TAVI showed up to ten-fold
increase in-hospital mortality rates when compared to
patients without stroke42; moreover, stroke is an
independent predictor of 1-year mortality after TAVI
in clinical practice.50 Therefore, it is fundamental to try
to prevent neurological event related to TAVI embo-
lisms and design novel embo-protective solutions
grounded on the analysis of the underlying mecha-
nisms, benchmarked with reliable models.39 Given
these aims, a mock circulatory loop was constructed
where a bolus of particles, modeling the emboli, was
released and captured under controlled hemodynamics
conditions. In-vitro experiments were counter parted
by in silico analyses. In particular, we exploited the
system to explore the use of an auxiliary flow from the
RSA in order to avoid debris to enter the cerebral
circulation. With CFD simulation support we tuned
the right inflow value that would produce embo-devi-
ation.

We developed a 3D printed aortic model connected
to the mock circulatory loop where, under constant
inflow and controlled pressure conditions, particles can
be released at the level of the aortic root and captured
in the main aortic branches. The present in vitro setup
uses an idealized aortic model instead of a simplified
Y-shaped phantom as analogue to an arterial bifur-
cation, as proposed in the work of Bushi et al.6 Other
in vitro studies dealing with analysis of cerebral em-
bolisms modeled by release of particles are related to
the intra-cranial circulation,9,13 where the aorta is not
explicitly included in the model. In this context, it is

worth noting that, in the last years, there has been a
growing interest for the application of computa-
tional tools simulating particle behavior in complex
arterial networks (see for instance Mukherjee and
Shadden29).

From the results of our in vitro experiments, we
found that the particle distribution substantially fol-
lows the flow split. This result is consistent with the
simulation results of Carr et al.8 who used computed
tomography (CT) scan derived models of the human
aorta with branches for the head and computed the
particles’ behavior with diameter ranging from 0 to
4 mm, in increments of 250 lm. Similar findings were
reported by Bushi et al.6: small (0.6 mm) and mid-sized
(1.6 mm) particles entered into bifurcation daughter
branches proportionally to the flow split.

When the auxiliary flow from RSA is active in the
steady configuration, we observed a total embolic
protection effect towards the BCT, while emboli were
able to enter the LCCA.

Of note, the in silico support provided by the CFD
simulation allowed us to find the hemodynamic con-
dition required for diverting the particles in a very
simple way, rather than running a series of in vitro
experiments with increasing flows from the LSA,
demonstrating to be a robust base to modify any
geometrical and flow parameter before making chan-
ges in the experimental setup. The unsteady simula-
tions had the goal to acknowledge the differences with
the steady flow, which to the best of our knowledge is
more realistic because of the rapid pacing during sur-
gery. Results were significantly different to the steady
analysis, showing that the same auxiliary flow did not
reach total embo-deviation when flow is pulsatile. This
was mostly due to the high instantaneous flow from the
heart during systole. Further investigations are
required to provide insight in such differences among
various hemodynamic conditions since the lack of
experimental results on this type of flow hinders an
extensive comparison with in vitro data as has been
done with the steady simulations.

TABLE 3. Measurement of the particle split with and without auxiliary flow from right subclavian artery.

Inlet flow (L/min)

Flow split Particle distribution

CRA (%) CAU (%) CRA (%) CAU (%)

Inlet: 4 L/min

RSA: 0 L/min

4.02 35 65 34 66

4.06 35 65 36 64

4.01 35 65 30 70

4.03 (± 0.03) 35 65 33 (± 3.1) 67 (± 3.1)

Inlet: 4 L/min

RSA: 0.5 L/min

4.0 35 65 30 70

4.0 35 65 28 72

4.07 35 65 26 74

4.04 (± 0.03) 35 65 28 (± 2.0) 72 (± 2.0)

Three repetitions are performed for each case; the results are reported as mean and standard deviation (STD) as well.
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From a more general point of view, the use of
in vitro and computer-based methods allows to inves-
tigate realistic human aortic geometries. Even though
we adopted an idealized 3D arch prototype, our geo-
metrical model is more realistic than the aortic arch of
an in vivo porcine model: pigs weighing more than
50 kg have aortic dimensions comparable to humans
but the branching anatomy of the porcine arch is
characterized by a single brachiocephalic vessel from
which both carotid arteries derive; furthermore, the
second arch vessel is a separate left subclavian artery.
This anatomical condition is seen in a rather low per-
centage of humans with the bovine arch anatomy and
does not accurately represent average human vascula-
ture. Certainly, in vivo animal models offer the possi-
bility to test the device in an environment which
extremely close to the surgical reality and remain the
gold standard for device benchmarking prior clinical
human trials.18

Study Limitations

One of the main limitations of the present study is
that we used water at room temperature as blood
analogue.21,31 this was chosen for practical reasons to
prevent clumping of the Amberlite particles, which
would occur with a typical glycerin-mixture blood
analog fluid.

In our study, we considered only spherical 0.550–
0.750 mm particles, which can be catalogued as med-
ium particles, although the emboli observed during
cardiac interventions are of variable sizes and shapes
(as well as having heterogeneous consistency and his-
tological composition).46 Van Mieghem et al.46 used
commercially available filters to capture and analyze,
also histologically, the debris released during TAVI.
Their findings indicate that the macroscopic captured
material varied in size from 0.15 to 4.0 mm and con-
sisted of: amorphous calcified material (size, 0.55–
1.8 mm); valve tissue composed of loose connective
tissue (size, 0.25–4.0 mm); thrombotic material inter-
mixed with neutrophils (size, 0.15–2.0 mm). Subse-
quently, the same research group45 investigated a
larger cohort of patients reporting a broader range of
particle size, (i.e., from 0.1 to 9.0 mm). Moreover,
particle dynamics into blood stream are likely to vary
if these issues are taken into consideration, which we
disregarded for the sake of simplicity. Given these
considerations, future studies should address analysis
of various sizes of particles elucidating mechanisms of
their distribution in the arterial tree, which are still a
matter of debate. In fact, published in vitro results6,9

showed that particle distribution, beyond its outlets-
flow-ratios, is influenced by the particle-to-branch
diameter-ratio with large particles preferentially

entering into wider bifurcated branches. The results of
Bushi are not confirmed by Carr et al.,8 who hypoth-
esized that this mismatch is due to the curvature of the
aorta and pulsatile nature of aortic flow, coupled with
inertial effects of the particles. We like to add that
geometry and resulting lift and drag forces may play a
role as well, further complicating detailed analyses.
Moreover, we have adopted neutrally-buoyant parti-
cles although the impact of particle density on their
distribution deserves further investigations. Indeed, no
measured density values of different embolic particles
are available in literature as stated by Fabbri et al.,12

who have investigated the influence of microembolic
particle size and density on travel trajectories in cere-
bral arteries only by computational modelling, select-
ing the hypothetical particle density with a pure
comparison with blood density. The indication about
debris density is also missing in the clinical studies
addressing the cataloguing of particles released during
TAVI.46 Other in vitro6,8 and in silico9 studies have
limited their investigation to a narrow range of densi-
ties and in most cases adopting the density of blood.

For the sake of simplicity, we did not consider
pulsatile inflow and aortic compliance at this stage of
the experiments. We consider this to be a significant
limitation, however, constant flow comes close to the
hemodynamic pattern created by rapid ventricular
pacing, still widely used during TAVI, which leads to a
significant reduction of the cardiac output during the
valve delivery.

In our setup we are not explicitly accounting for the
presence of both native and prosthetic valve; in this
regard, it is worth remarking that the type of prosthesis
has a limited impact on the risk of stroke.2

In our model the supra-aortic branches (BCT,
LCCA and LSA) are distally merged; consequently,
the experimental setup has only one filter in the CRA
circulation and we were able only to evaluate the
overall CRA/CAU particle distribution while the
number of particles entering each supra-aortic branch
is not measured. This analysis could be addressed by
future improvement of the experimental set-up over-
coming filtering and using alternative ways to detect
and count the particles, such as Transcranial Doppler
(TCD) ultrasound or by dedicated computational
studies, which are more amenable for parametric
studies.8 The CRA/CAU flow ratio has been kept
constant also when auxiliary flow was added from the
RSA; this is an assumption to be further investigated
in future studies. Finally, the use of rigid walls can be
considered a further limitation, but according to the
purpose of the study, the choice is specifically made to
enable the integration of the in vitro setup with CFD
analysis. Furthermore, with steady flow there is no
benefit in applying a compliant wall model, and the
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rigid wall hypothesis is considered valid in the most
advanced computer-based simulations about cerebral
embolism27 while the impact of wall compliance on the
embolic distribution along arterial circulation is still
unknown. Despite the steady flow assumption seems
reasonable because pulse pressure is damped during
rapid ventricular pacing of TAVI,48 further studies
should include different hemodynamic conditions
resembling the various stages of TAVI implant; at the
same, further clinical data quantifying intra-operative
aortic hemodynamics are necessary.

In the present study, we limited the use of CFD
simulations to the assessment of optimal reversal flow
from RSA, although its potentiality in the analysis of
cerebral embolism is high as proved by the growing
interest for the numerical simulations of particle
behavior in complex arterial networks.3,12,27,28,41 Fol-
lowing such a trend, future developments of the pre-
sent study will account for a stronger integration of
in vitro and in silico tools, based on the implementation
of dedicated numerical algorithms able to model iner-
tial dynamics of the particles, which we considered
massless, a reasonable hypothesis given the size of the
particles (0.5 mm) under investigation.8 Lastly, the
present study uses the weight as the method to evaluate
particle destination according to similar previous
studies.6 This is a straightforward approach, which
unfortunately becomes cumbersome in the simulation
of an actual stroke induced by one or a few particles; in
this case, in vitro studies have a limited efficacy while
CFD-based approaches provide the ability to release
and track numbered particles.

CONCLUSIONS

The present study tested a hypothetical alternative
to intravascular filters to protect cerebral circulation
from emboli released during endovascular procedures,
such as TAVI, by a mock circulatory loop and com-
putational simulations. Our model was used to analyze
how particles split along the aortic branches and
evaluate possible solutions to deviate their path from
cerebral circulation. For the chosen configuration, our
results show that a constant reversed auxiliary flow of
0.5 L/min from RSA under a constant inflow of 4 L/
min from the ascending aorta is able to protect the
brachiocephalic trunk from embolisms although the
presented auxiliary flow is not a final therapeutic
product but just a simple test to evaluate the potential
of flow deviation approach.

The present study addresses the need of investigat-
ing the mechanisms underlying TAVI-related cerebral
embolism,39 encouraging the design of novel
approaches overcoming the use of intravascular filters

to protect cerebral circulation from emboli released
during TAVI.
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