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Abstract

Computational fluid dynamics represents a valuable
non-invasive approach to determine and assess physically
meaningful parameters in a complex fluid dynamics system
represented by AF. The aim of this study was the design,
development and test of different LA motion fields in AF on
a patient-specific 3D anatomical model to clarify the influ-
ence of contraction models on LA hemodynamics. Since
LA motion field is not available from clinical data dur-
ing AF, three displacement models were designed to simu-
late the irregular, disorganized, very rapid and strongly re-
duced LA contraction, a random model, a discrete random
model and a con-tinuous sinusoidal model. Blood veloc-
ity fields, kinetic energy, vortex structures and blood stasis
were analyzed in both SR and AF conditions in the LA. Ve-
locities in SR were higher than in AF, particular-ly during
atrial systole. The three AF models resulted in different
wash-out velocities both at the mitral valve and at the os-
tium of the LA appendage. Vortices were also differently
distributed inside the LA showing a more organized flow
in the sinusoidal model which was also characterized by
the lowest blood stasis (8.6%) inside the LA appendage.
Overall, different LA de-formation models in AF affect LA
hemodynamics and additional studies should be performed
to develop a realistic contraction model to simulate AF
episodes.

1. Introduction

Atrial Fibrillation (AF) is the most common arrhythmia.
It was demonstrated that the lifetime risk of developing AF
after 40 years of age is 26% for men and 23% for women,
for European descend [1]. Over 6 million Europeans suffer
from this arrhythmia and its prevalence is estimated to at
least double in the next 50 years, as the population ages.
Moreover, AF increases five-fold the risk of stroke [2].
In particular, left atrial appendage (LAA) is the left atrial
site with the highest blood stasis risk, increasing throm-
bus formation and stroke. In fact, 90 % of the intracardiac
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thrombi in patients with cardioembolic stroke/TIA origi-
nally develop in the LAA [3]. To this purpose, several clin-
ical studies suggested that stroke risk stratification could
be improved by using hemodynamic information on the
left atrium (LA) and left atrial appendage (LAA). These
studies affirms that AF modifies the intra-atrial blood flow
dynamics, and this could imply an increase of blood sta-
sis risk and, therefore, clot formation and embolism. One
factor is the anatomical remodeling, which consists in the
progressive LA enlargement and increase in the LAA elon-
gation [4]. A second factor is given by the altered me-
chanical function. Atrial contraction becomes completely
chaotic and therefore during the AF episodes its efficacy is
scarse. Moreover, there is a progressive loss of atrial func-
tion even in sinus rhythm. Howewer, the exact way these
complex mechanisms interplay cannot be assessed experi-
mentally and remains largely unknown.

Computational fluid dynamics (CFD) represents a valuable
non-invasive approach to determine and assess physically
meaningful parameters in a complex fluid dynamics sys-
tem such as velocity, the cardiac blood flowrates, vortic-
ity, turbulent kinetic energy, etc. Morevoer, CFD model-
ing of the left atrium (LA) in atrial fibrillation (AF) has
not been faced exhaustively considering the relevance of
its potential clinical impact. Yet, in view of a personalized
approach for the CFD simulations of the LA, the neces-
sity of a realistic motion model of the atrial cavity during
an AF episode is a crucial point for a creation of a com-
plete patient-specific atrial fluid dynamics model. There-
fore, the aim of this study was the design and develop-
ment and testing of different contraction model of the LA.
These motion models are used as input for the computa-
tional fluid dynamics model of the left atrium, proposed
in [5, 6], in order to enhance the differences in haemody-
namics parameters for each LA motion model used for the
simulations. The developed model was tested in patients in
both sinus rhythm (SR) and AF for a comprehensive evalu-
ation of hemodynamic implications of AF episodes in both
LA and left atrial appendage (LAA).
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Figure 1. LA anatomical model.

Figure 2. Graphical representation of the contraction mod-
els of the LA: (a) random motion model; (b) discrete mo-
tion model; (c¢) sinusoidal motion model.

2. Methods

Data-set consisted in a LA 3D anatomical model and its
relative motion model in SR developed in [5, 6], extracted
from CT data with specifically image segmentation algo-
rithms (see Figure 1). Non-rigid data registration of the CT
dynamic acquisitions allowed us to derive the 3D LA mo-
tion field in SR. Since the LA motion field is not available
from clinical data during an AF episode, three LA contrac-
tion models were designed to simulate the irregular, disor-
ganized, very rapid and strongly reduced LA contraction.
In the following paragraphs, we detail these motion models
for simulating AF.

2.1. Random Motion Model

To simulate conditions preceding chronic AF (paroxys-
mal and persistent AF conditions) we chose first to model
atrial contraction by employing a random displacement ap-
plied independently to each vertex of the anatomical LA
model and consisting in a sinusoidal function at a fre-
quency of 4 Hz multiplied by a random factor from an
uniform probability density function from O to 1. The con-
traction frequency was defined considering the typical fre-
quency of atrial fibrillatory episodes [7]. Moreover, the
sinusoidal wave was modulated by a small amplitude (0.1
mm) in order to avoid numerical issues arising from an ex-
cessive worsening of the mesh quality. In figure 2(a), we
show a schematic description of this first motion model
chosen for simulating contraction during AF episodes.

2.2. Discrete Motion Model

In this model the idea was to divide the LA mesh in
neighbouring regions and apply on each one of them a dif-
ferent displacement field. More specifically, LA mesh was
divided in 16 regions and we imposed to each region a ran-
dom contraction/expansion motion model following the ra-
dial direction with respect to the midpoint of the region. In
figure 2(b), we observe the application of this method on a
specific part of the LA mesh.

2.3.  Sinusoidal Motion Model

The most critical point of the previous model was to
manage the mesh points at the boundary between two ad-
jacent regions that could create great degeneration of the
mesh quality. For this reason, to simulate the simultaneous
contraction/expansion of LA adjacent anatomical regions
in a continuous way and not with a discrete approach, as
we have seen in the second method, we applied this partic-
ular sinusoidal function:

d(®) =r(0)- sin(?) - sin(wt);

where r represents the maximum displacement amplitude,
© the position reffered to the center of mass of the atrial
cavity, and L the spatial period. Amplitude and frequency
of the sinusoidal wave were chosen by following the work
of [8]. L was setted to 20, representing the number of peri-
odic repetitions of the sinusoidal wave through the spatial
mesh domain. Amplitude and frequency were setted to 1
mm and 4 Hz respectively. Figure 2(c) shows the descrip-
tion of the aforementioned displacement model applied to
the LA mesh nodes.

2.4. Numerical Simulations

The CFD model described in [6] was used in order to
apply the developed three motion models to simulate the
LA motion in AF. Moreover, the motion field of the LA
extracted by the dynamic CT sequence was used in order
to perform the CFD simulation of the LA in SR. Five car-
diac cycles were simulated.

Blood velocity, kinetic energy, vortex structures and blood
stasis in the LA were analyzed in both SR and AF condi-
tions.

3. Results and Discussion

From the analysis of the CFD simulation results, we
found that the most important differences in the four mo-
tion models were during the atrial diastole phase. Indeed,
we found an increment of the velocity up to 15-20 cm/s in
proximity of the pulmonary veins (PVs) only for the SR
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simulation. For the three motion models of AF we found
a slightly increment of the PVs velocity only for the si-
nusoidal model and not for the other two motion fields,
as shown in Figure 3. The sinusoidal model leads to a
higher expansion of the atrial chamber and consequently
to an higher flowrate through the PVs with respect to the
discrete and random models. Obviously, another relevant
difference in the cardiac cycle between the four simulated
conditions is during the atrial systole: despite its reduction
caused by the persistence of the AF, we found an increase
of the velocity at the mitral valve (MV) for the SR simu-
lation with respect to the other three and this is probably
related to a contractile activity of the LA that pushes blood
through the MV in the LV. However, in three motion mod-
els simulating AF this increment of the velocity at the MV
was strongly reduced.

In general, velocities in SR were higher than in AF, partic-
ularly during atrial systole. Focusing on the LAA fluid dy-
namics, the three AF models resulted in different velocities
both at the tip and at the ostium of the LA appendage (see
Figure 4). The SR condition, as expected, shows higher ve-
locities inside the LAA and consequently a better washout
of the blood flow expecially in the LAA distal part, as ob-
served in Figure 4. Regarding the three AF simulations,
the one in which we applied the sinusoidal motion model
showed higher velocities inside the LAA with respect to
the other two displacement fields. Moreover the blood
flow could reach also the LAA tip with this particular mo-
tion model, thus favouring a lower risk of blood stasis and
thrombi formation. Focusing on the vorticity, most of the
vortex structures were located near to the LAA ostium. In
SR, we found a higher number of vortex structures overall
the LAA throughout the cardiac cycle with respect to the
AF simulations. The AF sinusoidal motion model allowed
the vortex structures to reach with a higher probability the
LAA tip expecially with respect to the random model sim-
ulation where the vortex structures were concentrated near
the LAA ostium. From velocity and vortex structures anal-
ysis, as expected, blood washout was more effective in SR
with respect to the three AF simulations. Considering the
three contraction models, the sinusoidal model was the one
showing an adequate blood washout, despite less than SR
condition, thus implying a lower thrombi formation risk
and consequently stroke risk. In order to confirm the afore-
mentioned findings, we performed a specific study to try to
quantify the LAA blood stasis. Indeed, we populated the
LAA with 500 fluid particles at the beginning of the sim-
ulation and counted how many remained inside the LAA
after each cardiac cycle. After 5 cycles, 3.8% of the parti-
cles remained in the LAA in SR, while 8.6% remained in
AF with the sinusoidal motion model. 12.6% remained in
AF with the discrete motion model and 15% in AF with
the random model. These results confirmed our consid-

erations based on the velocity and vorticity analysis. We
found an expected reduced washout expecially for the AF
random model and discrete model AF which in the long
term might be indicative of the generation of blood clots.

4. Conclusions

In this work we described in detail an automatic frame-
work which enabled to apply three different displacement
fields in order to simulate the LA motion throughout the
cardiac cycle during AF episodes. These three different
displacement fields were the input for the CFD model
and haemodynamics parameters were computed in order
to quantify the differences between the three approaches.
Moreover, the SR condition was simulated, having avail-
able the SR motion field extracted from the CT dynamic
sequence. Results enhanced the SR condition, as expected,
showed higher velocities and number of vortex structures
in the LA and in the LAA. Regarding the three motion
models simulating AF, the one with the results nearer to
the SR condition was the sinusoidal displacement field,
where we observed a lower blood stasis risk, expecially in
the LAA, with respect to the random and discrete motion
models. The CFD simulation could improve the knowl-
edge on intra-atrial blood stasis and on the probability of
clot formation with a completely personalized approach
and potentially enables optimized patient risk stratifica-
tion and therapy. Unfortunately, to simulate AF condi-
tions, different LA deformation models affect simulation
results, therefore additional studies should be performed
to develop a realistic contraction model to simulate AF
episodes.
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Figure 3.

AF discrete model

AF random model

AF sinusoidal model

simulating AF.

LA velocity field computed by the CFD model for SR condition and for the three motion models used for

Figure 4. Simulated blood velocities inside the LA appendage during the atrial diastole in SR (a), applying the continuous
sinusoidal model (b), the discrete random model (c) and the random model (d).
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