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Abstract

Background: An impairment of the left atrial function similar to that usually observed in atrial fibrillation (AF) has been observed also in
patients with patent foramen ovale (PFO) and permanent right-to-left shunting (RLS)

Methods: We reconstructed the geometrical model of right atrium (RA), PFO, left atrium (LA) and left atrial appendage (LAA) of 65
patients with mild (36 patients mean age 45.5+6.8 years, 24 females) or permanent (29 patients, mean age 45.11+5.3 years, 21 females)
RLS using anatomical data obtained by transoesophageal echocardiography (TEE) and cardiac MRI, performed as a part of our institutional
screening protocol for paradoxical embolism. Using computational fluid dynamic analysis (CFD) we assessed the vorticity magnitude in both
the LA and LAA to analyse a possible rheological relationship between PFO and AF.

Results: The anatomical models, in terms of dimensions, were comparable among the patients with mild and permanent RLS. A higher
vorticity magnitude was observed in the mild shunt both in the LA (101.12+21.3 vs 88.3+22.6, p=0.02) and LAA (62+14.4 vs 32.4112.3,

p<0.01) when compared to the permanent R-L shunting.

Conclusion: The lower vorticity magnitude across the LA and LAA in patients with permanent RLS suggests a possible higher stagnation
of the blood in these anatomical sites, similarly as previously observed in patients with AF.

Introduction

An impairment of the left atrial function similar to that usually
observed in atrial fibrillation (AF) has been observed in patients
with patent foramen ovale (PFO) and permanent right-to-left
shunting (RLS)M. Computational fluid dynamic (CFD) analysis
suggested that in left atrial appendage(LAA)vortices generated in
the chamber remain high strength and with longer durations in
patients with AF, inducing ineffective emptying of the blood into
the atriumand appendage, which then lead to blood stagnation and
subsequent thrombus formation. Moreover, atrial wall movements
inducedby high-frequency fibrillation had a large impact on the
stagnation of blood flow. The relative residence time (RRT),which is
an indicator of stagnation of blood flow, increases in the upper part
of the LAA during AF Atrial vulnerability and atrial abnormalities
such as patent foramen ovale(PFO) and atrial septal aneurysm(ASA)
have been suggested to be associated in patients with cryptogenetic
strokel3). Finally, an anti-arrhythmic effect has been postulated for
transcatheter PFO closure!, reinforcing the hypothesis that AF and
PFO might be linked. Aim of this study is to differentiateby means
of CFD the fluid dynamic profile, especially the vorticity magnitude,
in the LA and LAA of patients with mild/no RLS and permanent
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RLS.
Material and Methods

Overview

The geometrical model of the right atrium (RA), left atrium (LA),
left atrial appendage (LAA) and PFO has been constructed reviewing
the imaging data of 65normotensive otherwise healthy patients with
mild (36 patients mean age 45.5+6.8 years, 24 females), or permanent
RLS (29 patients, mean age 45.1+5.3 years, 21 females) evaluated
through TEE and cardiac MRI, as part of our institutional screening
protocol for paradoxical embolism. Patients with any grade of atrial
septal aneurysm > 2 following Olivares-Reyes et al®! have been
excluded from the analysis to maintain the model homogeneous.

According to Homma et all®), both mild and permanent RLS shave
been defined as permanent, small, medium, and large by transthoracic
echocardiography (T'TE) and by Transcranial Doppler (TCD) as
previously reported!”.

Model construction and description

The entire domain has been reconstructed using the mean
geometrical parameters obtained from the patients imaging data.
We modelled blood as a non-Newtonian, incompressible and viscous
fluid, with a density of 1060 kg/m3. From a physical point of view,
blood was described through the Navier-Stokes® and continuity

equations, defined as

o-Vv=—V<.7-VP V-w=0

and
respectively, where v is the 3D velocity vector, P pressure, r density
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and the shear stress term. Moreover, a Carreau model was adopted
for describe the viscosity”. As per normal anatomy, pulmonary veins
were located at the back of the atrium, two on each side at different
heights. The in flow domain was defined at the four entrances of
the pulmonary veins whereas the mitral valve was considered the
outflow domain.Conversely, both crista terminalis and the tricuspid
valve were not considered in the analysis, since the aim of the study
was to describe the hemodynamic effect on the left side of the heart.
All the geometries were reconstructed, segmented and meshed using
the open source software Slicer 3D (http://www.slicer.org) and/
or Rhinoceros v. 4.0 Evaluation software (McNeel& Associates,
Indianapolis, IN). Simulations were conducted using the commercial

software ANSYS FLUENT 14.0 (Ansys, Inc., Canonsburg, PA).

Heart chambers geometry and properties

The geometry of the left atrium geometry was compared to a
hemi-ellipsoid which had the averaged measures obtained in both
long- and short-axis views. At the same manner, also the LAA
and the RA were reconstructed. Specifically, the 3D reconstruction
of both the RA and LAA were obtained according the method
proposed by Hillier et al, using T'TE, since a geometrical figure able
to represent the chamber is difficult to obtain!”. Superior vena cava,
crista terminalis and tricuspid valve were not reconstructed since
primary aim was to assess the rheologic properties of blood across
the LAA. The measures of each component of the model have been
expressed as the average value *standard deviation. We adopted the
pattern of pulmonary velocities (in cm/s)described by Zhang et al.
to simulate the blood flow into the LA, RA and LAA as inflow

conditions during sinus heart rhythm!.

Blood flow in LA and LAA in patients with both mild and
permanent RLS was evaluated in terms of vorticity magnitude (1/s).
As known, vorticity magnitude represents the magnitude of the
vorticity vector while vorticity could be defined as a measure of the
rotation of a fluid element as it moves in the domain, defined as the
curl of the vector: e—w v

A low value of vorticity magnitude could be interpreted as a
reduction or even absence of atrial contraction and as consequence,
an index of relative blood stagnation!'?.

Statistical analysis
Continuous variables were expressed as mean and standard deviation

SReconstruction of the model in 2D short axis showing the
anatomical relationship between the right atrium (RA), septum
primum (*), septum secundum (**), the fossa ovale (FO) and
left atrium (LA) in patients with mild (A) and permanent (B)
right-to-left shunt (RLS).

Table 1: Echocardiographic measurements used to construct the model. ‘
il LA: Left atrium; RA: Right Atrium; LAA: Left Atrial appendage.

Al Mild RLS Permanent RLS
0.542-1.173 N=65 N=36 N=29 P-value
Pul y veins di ter (mm)

Right-superior 15.5+0.4 15.2+0,.3 15.3+0.1 0.92
Right-inferior 16.3+0.2 16.5+0.2 16.1+0.5 0.93
Left-superior 15.9+0.4 15.7+0.1 16.2+0.3 0.88
Left-inferior 16.8+0.4 16.3+0.3 17.1+0.1 0.94
Mitral valve area (cm2) 4.61£0.8 4.71+0.5 4.610.4 0.78
LA area (cm2) 17.7+1.2 17.8+1.0 18.0+0.8 0.75
LA diameter (cm) 3.56+0.6 3.4+0.7 3.610.5 0.91
RA minor axis (cm) 3.84£0.9 3.7+1.0 3.910.8 0.89
RA major axis (cm) 4.210.8 4.1+0.7 4.310.7 0.92
LAA

Length (mm) 27.2+0.4 26.8+0.2 27.4+0.4 0.76

Orifice diameter (mm) 15.4+0.3 15.0+0.2 15.6+0.1 0.80

(SD) and compared with Student t-test.All statistical analyses were
carried out using SPSS statistical software version 19.0 (SPSS Inc,
Chicago, IL, USA). A p value < 0.05 was considered statistically

significant.

Results

The anatomical models [Figure 1] and parameters used for
model construction and derived from both TTE and cardiac MRI
were comparable in permanent versus mild R-L shunting patients
[Table 1]. The of the pulmonary veins (PVs) diameters and mitral
valve (MV) area in the entire population were 15.5£0.4, 16.3+0.2,
15.9+0.4,16.8+0.42 mm and 4.6+0.8 mm?2, respectively. LAA length
and orificediameter were 27.2+0.4 and 15.4+0.3mm, respectively.

To assess the blood flow streamlines in both cases, a cross-sectional
area in the short-axis view has been obtained, simulating a different
grade of RA-LA shunt.The physiology of the right and left heart’s
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Computational fluid dynamic (CFD) analysis demonstrating a
lower vorticity magnitude (1/s) in the left atrium (LA) and left
atrial appendage (LAA) (arrow) of patients with permanent RLS
(A) compared to those with mild shunting defect (B).

circle was maintained, as demonstrated in both cases; indeed, the
right part of the heart appeared with a lower total pressure, according
to the physiology of the right circulation, which is characterized
by a global lower pressure. Moreover, the total pressure, defined as

Vorticity magnitude (1/s)

Vorticity magnitude (1/5)

static + dynamic pressure, showed the presence of a gradient across
the PFO. A higher vorticity magnitude was observed in the mild
shunt both in the LA (101.12+21.3 vs 88.3+22.6, p=0.02) and LAA
(62+14.4 vs32.4+12.3, p<0.01) when compared to the permanent
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Table 2: Comparison of vorticity magnitude (1/s) differences between LA
B and LAA depending on

LA LAA LAA
Mild RLS Permanent p Mild Permanent p
RLS RLS RLS <0.01
Vorticity 101.12+21.3  88.3+22.6 0.02 62+14.4 32.4+123
Maghnitude
(1/s)

LA: left atrium; LAA: left atrial appendage; R-L shunting severity.

R-L shunting [Table 2],[Figure 2].

Discussion

Our brief study suggests that the LA vorticities in patients with
permanent RLS are different from those with mild/no R-L shunt. A
lower vorticity was observed in the case of permanent RLS involving
the wall of the LA, especially at the LAA, suggesting a higher
stagnation of the blood and reinforcing the hypothesis of a link
between PFOand thromboembolic disease as observed in patients
with AF.

AF  disrupts movement of the leftatrium(LA) and
worsensthevitalprognosis by causing thromboembolism.Ultrasound
Doppler measurements, phase-contrast magnetic resonance imaging,
as well as computational fluid dynamics (CFD) have revealed

hemodynamic changes in the LA dueto AF, such as stagnation of
blood flow in the LAA!3,

The flow profile in the Left atrial appendage in patients with
permanent RLS due to large PFO is very consistent with the one
found by both Zhang et all" and Koizumi et al™ in patients with
AF. Both studies found atrial wall movement byhigh-frequency
fibrillation had a large impact on blood flow stagnation.The relative
residence time (RRT),which is an indicator of blood flow stagnation,
increased in the upper part of the LAA during AF.

Zhang et al'y showed that the left atrial appendage is not
functional in sinus rhythm because theatrial trans-mitral velocities
remained almost identical for atria with and without appendage.
However, in atrial fibrillation, a proper atrial contraction is absent,
which causes the second emptying velocity (A-wave) tobe missed in
both trans-mitral velocity and appendage filling/emptying velocity.
Without an adequate blood atrial emptying, vortices generated in
the chamber remain high strengths and with longer durations. They
induce ineffective emptying of the blood into the atriumand the
appendage, which then leads to blood stagnation and subsequent
thrombus formation. Our analysis suggests that in presence of severe
R-L shunt the vortex movement in the LAA resulted not significant,
contributing to the blood flow stasis and resembling the fluid
conditions in LAA due to AF.

'The contribution of atrial septal aneurysm which per se has been
claimed to be involved in LA dysfunction even in the absence of PFO
is difficult to assess in the present model, but it is likely to increase
the stagnation impairing the LA contraction, conduit, and reservoir
functions™ 1), Although to be clinically demonstrated and uniquely
speculative, differently from common though, permanent RLS due to
PFO might cause the same flow conditions of AF predisposing the
LAA and LA to thrombus formation. The traditional hypothesis of

Hanley!" | suggested that extremely mobile atrial septal aneurysms

are related with atrial fibrillation in adults. Overall, these findings
suggest that atrial arrhythmias may be more frequently manifested
in patients with atrial septal aneurysms, and that the increased risk
of embolism may be due to a higher risk of onset of episodes of
paroxysmal atrial fibrillation. An additional hypothesis points to the
formation “in loco” of small thrombi capable of becoming lodged in
the aneurysmal sac. It might be postulated that in PFO associated-
stroke patients the pathogenesis of embolism consists in an in-situs
thrombus formation rather than an embolus transiting from right to
left chambers.

Study limitation

Our study has several limitations including the intrinsic bias caused
by building up a virtual model for the simulation of flow and the lack
of the evaluation of the fluid dynamic in a model of AF patients in
our population. The former constitutes a limitation but at the same
time ensures also stabile homogeneous hemo dynamic conditions
which usually are very difficult to obtain in real patients. The latter is
due to relative weakness of the software used which allows for a good
spatial modelling of cardiac chambers but offers poor calculation of
the contribution of rapid myocardial contraction typical of AF.

Conclusion

In conclusion, our CFD study suggests that presence of a severe
permanent R-L shunt might cause stagnation in both the LA and
LAA simulating the same thrombogenic pathophysiology of atrial

fibrillation.
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