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A B S T R A C T

Disruptions to left atrial (LA) blood flow, such as those caused by atrial fibrillation (AF), can lead to thrombosis
in the left atrial appendage (LAA) and an increased risk of systemic embolism. LA hemodynamics are influenced
by various factors, including LA anatomy and function, and pulmonary vein (PV) inflow conditions. In
particular, the PV flow split can vary significantly among and within patients depending on multiple factors.
In this study, we investigated how changes in PV flow split affect LA flow transport, focusing for the first time
on blood stasis in the LAA, using a high-fidelity patient-specific computational fluid dynamics (CFD) model.
We use an Immersed Boundary Method, simulating the flow in a fixed, uniform Cartesian mesh and imposing
the movement of the LA walls with a moving Lagrangian mesh generated from 4D Computerized Tomography
images. We analyzed LA anatomies from eight patients with varying atrial function, including three with AF
and either a LAA thrombus or a history of Transient Ischemic Attacks (TIAs). Using four different flow splits
(60/40% and 55/45% through right and left PVs, even flow rate, and same velocity through each PV), we found
that flow patterns are sensitive to PV flow split variations, particularly in planes parallel to the mitral valve.
Changes in PV flow split also had a significant impact on blood stasis and could contribute to increased risk for
thrombosis inside the LAA, particularly in patients with AF and previous LAA thrombus or a history of TIAs.
Our study highlights the importance of considering patient-specific PV flow split variations when assessing LA
hemodynamics and identifying patients at increased risk for thrombosis and stroke. This knowledge is relevant
to planning clinical procedures such as AF ablation or the implementation of LAA occluders.
1. Introduction

Cardiovascular diseases are the leading cause of mortality world-
wide. Atrial fibrillation (AF) affects around 35 million people world-
wide [1], and is the most common arrhythmia. It is estimated that
0%–25% of ischemic strokes, affecting over 18 million people each

∗ Corresponding author at: Department of Mechanical, Thermal and Fluids Engineering, Universidad de Málaga, Málaga, Spain.
E-mail address: eduran@uma.es (E. Durán).

year, are caused by thrombi generated in the left atrium (LA) in patients
with AF. Furthermore, up to an additional 30% of all ischemic strokes
are suspected to be atriogenic in patients with subclinical AF or normal
cardiac rhythm [2]. Inside the LA, most of these thrombi are formed in
the left atrial appendage (LAA), a cavity-shaped protuberance whose
morphology and hemodynamics vary significantly among patients [3].
vailable online 12 June 2023
010-4825/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.compbiomed.2023.107128
Received 25 March 2023; Received in revised form 10 May 2023; Accepted 1 June
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

2023

https://www.elsevier.com/locate/compbiomed
http://www.elsevier.com/locate/compbiomed
mailto:eduran@uma.es
https://doi.org/10.1016/j.compbiomed.2023.107128
https://doi.org/10.1016/j.compbiomed.2023.107128
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compbiomed.2023.107128&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Computers in Biology and Medicine 163 (2023) 107128E. Durán et al.

e
N
e
s
u
v
t
b
i

h
b
b
r
v
a
t
v

o
d
s
f
t
c
a

2

2

p
p
s
G
l
T
p
r
D
t
p
t
r
a

I
c
f
a
t
r
a
c
F
t
T
t
a
i
e

v
r

However, current medical procedures to estimate ischemic stroke risk
are based on demographic and clinical factors and do not consider
patient-specific information about LA hemodynamics, a crucial causal
thrombosis factor [4,5].

Computational fluid dynamics (CFD) analysis based on patient-
specific medical images is a powerful tool for investigating LA throm-
bosis. In the past decade, advances in CFD algorithms, numerical algo-
rithms and computational resources have supported increasingly com-
plex cardiac flow simulation studies. These works cover four-chamber
simulations of the whole heart [6], two-chamber simulations of the left
heart including the atrium and ventricle [7–10], and single-chamber
simulations of the LA or LV. These single-chamber simulations have
focused mostly on LV hemodynamics [11–16], although there is a
growing body of literature exploring different aspects of LA hemody-
namics. One of the most studied aspects is the effect of LA wall motion
on the flow and LAA stasis [17–21], motivated by the fact that AF
causes weak irregular LA wall motion and LAA stasis is associated with
increased thrombosis risk [1,22–24]. Motivated by the clinical associa-
tion between LAA morphology and stroke risk in AF patients [25–27],
several groups have used CFD to investigate how LAA shape influences
surrogate hemodynamic metrics of thrombosis risk [28–31]. In parallel,
recent work [10,32–37] is introducing advanced CFD, fluid–structure
interaction, and multi-physics models, and integrating them with multi-
modality imaging to realistically simulate the electrophysiological and
biomechanical mechanisms underlying LAA stasis and thrombosis.

The aforementioned simulation studies have provided useful guid-
ance for setting up models and boundary conditions that reproduce
each patient’s hemodynamics representative of a specific time or phys-
iological state. However, both errors in model approximation and
the natural variation of physiological state during a patient’s daily
life (e.g., rest vs. exercise) constitute a source of uncertainty. These
errors must be understood, evaluated, and accounted for before model
predictions of LAA thrombosis based on hemodynamic computations
can be used to support clinical decisions. The PV flow split, i.e., how
the flowrate of blood entering the LA from the lungs is divided between
the left and right PVs, is a particularly challenging parameter affecting
the inflow boundary conditions. Its quantification via transthoracic
Doppler echocardiography (TTE) is complicated by the difficulty of
imaging all (usually four) pulmonary veins [38] and, while it can be
accessed by other modalities, such as 4D flow MRI, these techniques
are more cumbersome and time-consuming than TTE. Consequently,
the PV flow split is typically assumed to be even for simplicity, even if
the difference in size between the left and right lungs makes this split
be closer to 47%/53% (left/right) [39], which can vary widely from
patient to patient (a range of 43–48/57%–52% for N = 206 patients was
reported in [39]). Moreover, the PV flow split can experience signifi-
cant intra-subject variability due to interactions between gravity and
body position, with reported differences between lying on the left and
right sides of the body being 59/41% and 37/63%, respectively [40].
These significant inter- and intra-patient variabilities in PV flow split
warrant investigating its effect on LA hemodynamics and LAA blood
stasis.

There are few works investigating the influence of PV inflow in
CFD simulations of atrial blood flow, and most of them do not di-
rectly address the left/right flow split. A systematic parametric study
was carried out in [41], including a thorough sweep over a wide
range of different PV flow splits and validation vs. in vivo 4D flow
MRI measurements. Their results demonstrated that atrial flow can
be sensitive to the PV flow split, especially for large departures from
normal values. However, they only considered N = 3 patients and did
not address LAA flow or residence time. Previously, the effect of PV
inflow was investigated in [28] as part of a broader sensitivity analysis
of the effect of LA and LAA morphological features on atrial flow
dynamics. By varying PV cross sectional area, these authors effectively
evaluated the effect of total PV flow rate on LA hemodynamics, showing
2

significant effects. However, they kept an even 50/50 split, so the S
study did not provide information about the influence of the flow split.
Subsequently, patient-specific simulations were performed for a large
cohort of N = 52 patients in [24], concluding that the position and ori-
ntation of the right PVs can significantly influence LA hemodynamics.
evertheless, neither of these previous works [24,28] addressed the
ffect of the PV flow split. More recently, some works [42,43] have
tudied LA hemodynamics before and after surgical removal of left
pper lung lobe, concluding that the resulting left superior pulmonary
ein recession disturbs blood flow all throughout the LA. In summary,
here is a paucity of data about how the PV flow split affects LAA
lood flow and stasis, and about its differential effects on normal and
mpaired/pro-thrombotic atria.
Motivated by this paucity of data, this study’s goal was to evaluate

ow the inter- and intra-subject variability in PV flow split affects LA
lood flow and stasis. To that end, we built patient-specific models
ased on 4D computed tomography (CT) images, including total flow
ate through the PVs. For each model, we considered four PV flow split
ariations encompassing the even split commonly used in CFD analysis
nd more physiological, asymmetric splits with higher flow through
he right PVs. Particular attention was given to PV flow split induced
ariability in LAA blood stasis.
The paper is organized as follows. Section 2 presents the methodol-

gy, including the extraction of LA geometries from CT images and the
etails of the CFD analysis. Section 3 describes the main results of the
tudy, showing the effect of varying PV flow split on LA and LAA flow
ocusing on LAA stasis. Section 4 critically discusses these results and
he study limitations, and outlines future work. Finally, the manuscript
oncludes in Section 5, which concisely summarizes the main results
nd contribution of the study.

. Methodology

.1. Imaging and generation of patient-specific anatomical models

We studied 𝑁 = 8 cases through 3D, time-resolved (a.k.a. 4D),
atient-specific segmentations of human left atria obtained from com-
uted tomography (CT) images. Six of these segmentations are the
ame as in [23,36]. Two additional subjects were imaged at Hospital
eneral Universitario Gregorio Marañón (HGUGM), Madrid, Spain, fol-
owing standard clinical protocols using a Philips Brilliance 64 scanner.
he doses and injection rates of contrast were chosen based on the
atient’s weight using standard clinical protocols. The images were
econstructed using CT scanner manufacturers’ algorithms, yielding
ICOM files with pixel dimensions between 0.375 mm and 0.42 mm in
he x–y plane and 0.45 mm in the 𝑧-direction. For the other six cases,
ixel dimension was 0.32 mm to 0.48 mm in the x–y plane and 0.5 mm
o 1 mm in the 𝑧-direction. Time-resolved images were obtained at
egularly spaced instants across the cardiac cycle, ranging between 5%
nd 10% of the R-R interval.
The computational LA meshes were generated in four steps using

TK-SNAP [44] and custom-written scripts in MATLAB. The first step
omprised segmenting the 3D LA anatomy from CT images and identi-
ying the PV inlets, mitral annulus, and LAA. For each 3D segmentation,
triangular surface mesh was created and then resampled to match
he computational fluid dynamics (CFD) solver’s resolution [45]. The
esulting triangular meshes were registered across the cardiac cycle
nd their positions, yielding a coherent triangle vertex and centroid
loud [46,47]. Finally, the positions of these points were expressed as
ourier temporal series to provide interpolated boundary conditions to
he CFD solver at time points not contained in the 4D CT sequence.
able 1 summarizes the main anatomical and functional features of
he study subjects’ atria. Fig. 1 shows the N = 8 patient specific
natomies at the beginning of the R-R interval. Additional details on
mage acquisition and reconstruction and mesh generation can be found
lsewhere [23].
These 4D CT images were also used to measure the LA and LV

olumes along the cardiac cycle, and to compute patient-specific flow
ates through the mitral valve and pulmonary veins (as described in

ection 2.3).
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Table 1
Anatomical and functional parameters of the LA and the LAA. The mean volume values represent time-averaged volumes. Ostium AR: ratio between the length of the ostium
major and minor axes. Ostium AR and ostium area are time-averaged values over the cardiac cycle. EF: ejection fraction. Global (LA) EF: (VLA,max-VLA,min)/VLA,max. LAA EF:
(VLAA,max-VLAA,min)/VLAA,max. LV EF: (VLV,max-VLV,min)/VLV,max. Expansion index: (VLA,max-VLA,min)/VLA,min. Passive EF: (VLA,max-VLA,preA)/VLA,max. Booster EF:
(VLA,preA-VLA,min)/VLA,preA. Conduit Volume/LV Stroke Volume: 1 - (VLA,max-VLA,min)/LVSV. PVs: blood volume that enters the LA during LV systole. PVd: blood volume
that enters the LA during LV diastole. PVa: blood volume that exits the LA due to reverse flow volume through the PV during atrial contraction. E/A ratio: ratio of peak mitral
velocities during early diastole (E-wave) and atrial contraction (A-wave). 𝑅𝑒𝑀𝑉 : Reynolds number at the MV, computed as 𝑅𝑒𝑀𝑉 = 𝑣𝑀𝑉 𝐷𝑀𝑉 ∕𝜈, using a characteristic diameter
𝐷𝑀𝑉 = (4𝐴𝑀𝑉 ∕𝜋)1∕2, where 𝐴𝑀𝑉 is the area of the MV, the peak velocity during the E-wave 𝑢𝑀𝑉 = 𝑄𝑀𝑉 ∕𝐴𝑀𝑉 , and the blood viscosity, 𝜈.
Subject 1 2 3 4 5 6 7 8

LAA thrombus (or history of TIAs) No No No No No TIAs Yes Yes
Atrial fibrillation No No No No No Persistent Persistent Persistent
Sinus rhythm Yes Yes Yes Yes Yes No No No
eqV flow split (L/R) (%) 42/58 46/54 42/58 40/60 34/64 51/49 39/61 46/54
Mean LA volume (ml) 86.6 70.1 115 84.2 96.1 145 157 180
Min. LA Vol. (VLA,min, ml) 59.6 49.0 87.2 60.3 68.6 119 150 157
Max. LA Vol. (VLA,max, ml) 108 91.2 145 108 121 155 165 205
Mean LAA volume (ml) 6.94 4.85 14.3 3.13 3.64 10.7 15.5 22.0
Min. LAA Vol. (VLAA,min, ml) 4.32 3.14 10.2 1.45 2.24 9.10 13.8 19.8
Max. LAA Vol. (VLAA,max, ml) 8.97 6.28 17.9 4.23 4.65 11.6 17.4 24.7
LV stroke volume (LVSV, ml) 72.2 84.4 98 106 102 66.7 75 130
Ostium area (mm2) 4.17 4.01 7.65 2.26 3.00 7.22 7.29 8.42
Ostium AR 1.53 1.39 1.49 1.10 1.19 1.45 1.45 1.83
Pre-A-wave Vol. (VLA,preA, ml) 94.3 72.3 119 87.3 98.5 149 153 178
LA sphericity 0.80 0.82 0.78 0.77 0.83 0.86 0.83 0.81
Global (LA) EF 0.45 0.46 0.40 0.44 0.43 0.23 0.09 0.23
LAA EF 0.52 0.50 0.43 0.66 0.52 0.22 0.21 0.20
LV EF 0.67 0.67 0.78 0.68 0.65 0.66 0.61 0.42
Expansion index 0.81 0.86 0.66 0.80 0.76 0.30 0.10 0.31
Passive EF 0.13 0.21 0.18 0.19 0.18 0.04 0.07 0.13
Booster EF 0.37 0.32 0.27 0.31 0.30 0.20 0.02 0.12
Conduit Volume/LV Stroke Volume 0.33 0.50 0.41 0.55 0.49 0.46 0.80 0.63
PVs (ml) 43 38 51 48 53 36 17 49
PVd (ml) 65 58 60 65 54 52 63 94
PVs-PVd ratio 0.66 0.66 0.84 0.72 0.99 0.69 0.27 0.52
PVa (ml) 17 7.3 12 2.7 2.73 13 0.14 1.4
PVa duration (cycles) 0.11 0.11 0.13 0.08 0.19 0.12 0.039 0.068
A-wave duration (cycles) 0.22 0.25 0.30 0.24 0.28 0.18 0.21 0.23
PVa-A-wave duration ratio 0.49 0.43 0.44 0.33 0.68 0.64 0.18 0.30
E/A ratio 1.64 2.36 3.03 2.24 2.23 2.05 3.86 3.65
𝑅𝑒𝑀𝑉 4297 6266 6315 8402 6244 4361 4111 8058
Fig. 1. Anatomical geometry of patient-specific left atrium subjects. 3D mesh extracted from Computerized Tomography (CT) images of the LA walls and PVs inlets (left PVs in
green, right PVs in red) and MV outlet surfaces (blue). The images correspond to an instant at the beginning of the R-R interval.
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2.2. Computational fluid dynamics analysis

The CFD simulations were performed with the in-house code TU-
CAN, as described in [23]. Here, we summarize the main features
of these simulations, emphasizing the aspects that are particularly
relevant to the present study of PV flow split variability.

TUCAN solves the Navier–Stokes equations for the incompressible
flow

∇ ⋅ 𝑣 = 0
𝜕𝑣 + 𝑣 ⋅ ∇𝑣 = −1∇𝑝 + 𝜈∇2𝑣, (1)
3

𝜕𝑡 𝜌 l
here 𝑣 and 𝑝 are the velocity and pressure fields, and 𝜌 and 𝜈 are
he density and the kinematic viscosity of the fluid. The equations
re solved using second-order centered finite differences and a three-
tage, semi-implicit, low-storage Runge–Kutta scheme. In the present
tudy, we considered a Newtonian fluid of constant kinematic viscosity
= 0.04 cm2∕s [23]. The flow in the LA was driven by each subject’s
eft heart wall motion, obtained from patient-specific 4D CT images
s described above. This motion was imposed using the immersed
oundary method (IBM) [48,49], where the flow is solved in a fixed,
artesian grid and the position and motion of surfaces are imposed by a
ocalized volumetric force. Each simulation was run in a cubic uniform
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Fig. 2. Geometry and flow distribution in the left atrium. 𝑄𝑃𝑉 is the inflow through
he pulmonary veins (RS Right Superior, RI Right Inferior, LS Left Superior, LI Left
nferior). 𝑉𝐿𝐴 is the time-dependent volume of the left atrium. 𝑄𝑀𝑉 is the outflow
hrough the mitral valve. LAA is the left atrial appendage.

rid of 2563 points with grid spacing 𝛥𝑥 = 0.051 cm in all directions
nd with a constant time step of 𝑡 = 5 ⋅ 10−5 s, using free-slip boundary
onditions at the cube boundaries. This time step is chosen to ensure
hat the Courant–Friedrich–Lewis number is always 𝐶𝐹𝐿 < 0.3. The
umerical error of the time integrator is proportional to a power of the
𝐹𝐿 number [50], so it must be small to ensure numerical stability and

accuracy in the results. The simulations were initialized from a static
flow field and, before running in the nominal conditions, some cardiac
cycles were run with a lower resolution of 𝑥 = 0.09 cm in all directions
and a constant time step of 𝑡 = 10−4 s. In total, we run 10 heartbeats at
low resolution to accelerate convergence to periodic flow, followed by
5 more heartbeats at the nominal spatial and time resolution.

Similar to [23], the mitral valve was modeled as a flat impermeable
surface during LV systole and as an open boundary during LV diastole.

2.3. Pulmonary vein boundary conditions

To enforce flow rates through the PVs, a buffer region was defined
upstream of each PV inlet plane, and the IBM was applied in this
region to bring the flow velocity to the desired vector value. The target
inlet velocity at each PV inlet plane was defined as 𝑣𝑡 = 𝑄𝑖∕𝐴𝑖 ⋅ 𝑛,
where 𝐴𝑖 and 𝑛 are the instantaneous cross-sectional area and the vector
normal to each inlet’s plane, respectively, and 𝑄𝑖 (𝑖 = 1,… , 4) are the
instantaneous flow rates through each PV.

The total flow entering the LA through the four pulmonary veins,
𝑄𝑃𝑉 (𝑡), was determined from mass conservation (Fig. 2) [23]:

𝑄𝑃𝑉 (𝑡) =
d𝑉𝐿𝐴(𝑡)

d𝑡
+𝑄𝑀𝑉 (𝑡), (2)

here 𝑉𝐿𝐴(𝑡) is the time-dependent LA volume obtained from each
atient’s 4D CT scan and 𝑄𝑀𝑉 (𝑡) is the flow rate exiting the LA
hrough the mitral valve, calculated from the time rate of change of
he LV volume assuming no mitral regurgitation. This approach allows
or setting patient-specific PV inflow conditions without the need for
easuring flow velocities and should account for AF-mediated changes
n PV flow waveforms.
To analyze how the PV flow split affects atrial hemodynamics and

lood stasis, we considered four flow split scenarios:

(a) R60: In this scenario, 60% (40%) of the flow enters the LA
through the right (left) PVs,
4

𝑄𝑖 = 0.6(𝑄𝑃𝑉 𝐴𝑖∕𝐴𝑅𝑃𝑉 ) for right PVs,
𝑄𝑖 = 0.4(𝑄𝑃𝑉 𝐴𝑖∕𝐴𝐿𝑃𝑉 ) for left PVs, (3)

where 𝐴𝑅𝑃𝑉 and 𝐴𝐿𝑃𝑉 are the sum of the areas of the right and
left PVs respectively. Usually, both the left and right PVs have
two inlets into the LA body (Fig. 2). The same velocity value is
imposed at each side’s inlet.

(b) R55: This scenario is similar to the R60 but with a 55/45% R/L
flow split.

(c) R50*: The flow rate is split evenly among the four inlets formed
by the right and left PVs,

𝑄𝑖 = 𝑄𝑃𝑉 ∕4, (4)

so each inlet’s velocity depends on its sectional area.
(d) eqV: Same velocity through each PV,

𝑄𝑖 = 𝑄𝑃𝑉 𝐴𝑖∕𝐴𝑃𝑉 . (5)

Where 𝐴𝑃𝑉 is the sum of the areas of all PVs. In this scenario,
the flow rate through each PV is not prescribed as it depends on
the corresponding sectional area. The eqV flow splits for the 8
cases are shown in Table 1.

.4. Flow analysis

This section describes the post-processing of CFD-computed blood
elocity fields. First, we describe a framework to divide the LA in
ifferent sub-domains to study the regional impact of PV flow split vari-
tions. Then, we define correlation factors that quantify the similarity
f LA hemodynamics for different PV flow splits. Finally, we describe
he computation of residence time to quantify blood stasis.
To analyze the flow inside the different regions of the LA (see [51],

or reference), we divided each anatomical model into three domains
Fig. 3A): the posterior region receiving the PVs (denoted LAPV), the
ppendage (denoted LAA), and the remaining part of the LA body that
ncludes the septal portion and the vestibule (denoted LAb). While
he LAA has a relatively well-defined opening, the other parts do not
ave clear anatomical demarcations. Thus, we devised an objective
rocedure to separate the LAPV and LAb domains. We defined an
ntrinsic coordinate 𝜉 that defines planes parallel to the mean MV
rossing the LA body (Fig. 3B). Instantaneous MV planes are computed
y least-squares fitting the points that define the MV in each subject’s
natomical model. The coordinate 𝜉 is normalized to range from 𝜉 = 0
t the centroid of the PV inlets to 𝜉 = 1 at the centroid of the MV at each
nstant of time. This coordinate allows for establishing an objective
riterion to dynamically demarcate the LAPV and LAb (Fig. 3B). The
eparation from the LA body and the LAA is defined by a plane that
rosses the LAA ostium as part of the CT image segmentation.
To quantify the dependence of LA hemodynamics on the PV flow

plit, we define correlation factors [52] for the PV inflows and the
elocity fields in the LA. The correlation factor of PV flow rates is
efined as

𝑖𝑗
𝑃𝑉 = 1

4

4
∑

𝑘=1

∫ 𝑄𝑖
𝑃𝑉 ,𝑘 ⋅𝑄

𝑗
𝑃𝑉 ,𝑘d𝑡

√

∫ 𝑄𝑖
𝑃𝑉 ,𝑘

2d𝑡
√

∫ 𝑄𝑗
𝑃𝑉 ,𝑘

2
d𝑡

, (6)

where 𝑄𝑖
𝑃𝑉 ,𝑘 is the flowrate waveform corresponding to the 𝑘th PV with

the flow split condition indicated by 𝑖 = [R60,R55,R50*,eqV]. Likewise,
the correlation factor of the 4D velocity field is defined as

𝜌𝑖𝑗𝐿𝐴 =
∬ 𝑢𝑖 ⋅ 𝑢𝑗d�⃗�d𝑡

√

∬ 𝑢2𝑖 d�⃗�d𝑡
√

∬ 𝑢2𝑗d�⃗�d𝑡
, (7)

where 𝑢𝑖(�⃗�) is the velocity field at point �⃗� of the LA at the flow split
condition indicated by 𝑖.

To measure blood stasis, we define the residence time 𝑇𝑅 as the
time spent by blood particles inside the LA chamber. This quantity
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Fig. 3. (A) Division of the left atrium geometry into three regions: pulmonary veins and the portion of the left atrium adjacent to their ostia (blue), main left atrial body (green),
and left atrial appendage (red). (B) Definition of parallel planes (dashed line) dividing the left atrium. Coordinate 𝜉 = 0 is defined with the plane that crosses the centroid of the
ensemble of pulmonary veins inlets (𝐶𝑀𝑃𝑉 𝑠) at a given instant of the cardiac cycle, and coordinate 𝜉 = 1 with the plane that crosses the centroid of the mitral valve surface
(𝐶𝑀𝑀𝑉 ).
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was calculated together with the velocity field by solving the forced
transport equation [53],
𝜕𝑇𝑅
𝜕𝑡

+ 𝑣 ⋅ ∇𝑇𝑅 = 1, (8)

here 𝑇𝑅 is set to zero at the start of the simulation and at the PV
nlets. The spatial discretization of this equation employed a third-
rder WENO scheme [23] to ensure accuracy while avoiding spurious
luctuations near steep gradients. We note that, up to numerical errors,
his procedure is equivalent to tracking Lagrangian flow tracers and
easuring the time elapsed along each tracer’s trajectories [53].

. Results

.1. Study population

The LA patient-specific anatomical models and functional charac-
eristics of the study group are indicated in Fig. 1 and Table 1. The
ohort’s median age was 65 (range 48–92), and four (50%) were
emale. Subjects 4 and 5 were imaged at HGUGM, whereas the rest of
he patients were the same reported in [23]. Subjects 1 – 5 were imaged
n sinus rhythm and had no LAA thrombus. These subjects had normal
A function, as can be deduced from chamber volumes and PV flows
erived from CT images. Subjects 6–8 had permanent atrial fibrillation.
ubjects 6 and 7 were imaged in atrial fibrillation and had an LAA
hrombus, which was digitally removed before the segmentation of the
A geometry. Subject 8 was imaged in atrial fibrillation and did not
ave an LAA thrombus; however, this patient had a previous history
f transient ischemic attacks (TIAs). Subjects 6 – 8 had an enlarged LA
ith impaired global function. While subject 6 had decreased reservoir
unction but relatively normal booster function, subjects 7 and 8 had
mpaired reservoir and booster function. In particular, subject 7 had
everely impaired function, operating primarily as a conduit between
he PVs and the LV. With the exception of patient 8, all subjects had
ormal left ventricular function as assessed by this chamber’s ejection
raction. Based on this information, we categorized subjects 1 – 5 as
AA-thrombus/TIA negative (LAAT/TIA-neg), and subjects 6 – 8 as
AAT/TIA-pos.

.2. Effect of PV flow split on left atrial flow patterns

Fig. 4 shows 3D velocity vector maps representative of normal atrial
unction (subject 2) for the different flow split scenarios considered
n this study. Flow maps in a MV-parallel plane of the LA body and
5

he LAA are represented at LA diastole and LV early filling, together
ith total PV flow rate waveforms. During atrial diastole, the mitral
alve is closed while the left atrium and its appendage are filled with
lood entering through the PVs. In this phase of the cardiac cycle, the
low patterns in the MV-parallel plane exhibit appreciable differences
etween flow splits, especially in the LA body (Fig. 4A). These differ-
nces are noteworthy considering that the PV inflow waveforms do not
xperience a striking dependence on the PV flow split (Fig. 4C). In this
ormal subject, the LAA flow patterns only exhibit modest differences
hen the PV flow split is varied. During LV relaxation, some flow is
till entering through the PVs, however, the MV is now open and LV
uction accelerates the blood towards the mitral annulus. In this phase,
he flow organization in both the LA body and the LAA seems to be less
ensitive to the PV flow split, probably under the influence of the strong
trial emptying jet (Fig. 4B). The 3D velocity vector maps indicative
f impaired, pro-thrombotic atria (subject 6) are represented in Fig. 5.
imilar to the normal case, the PV flow split has a noticeable effect on
he flow patterns contained in the MV-parallel plane. In addition, the
AA flow patterns appear to be more sensitive to the PV flow split than
n the normal case. Below, we evaluate these qualitative observations
ore quantitatively.
Figs. 6 and 7 show the blood kinetic energy (𝐾𝐸) and residence

ime (𝑇𝑅) in a plane section of the LA body and the LAA for the
ame two subjects of Figs. 4 and 5. During atrial diastole, the 𝐾𝐸
eaches moderate values at the PV inflow jets and is significantly lower
lsewhere. During LV relaxation, the PV region still presents moderate
𝐸 values while its peak values are associated with the emptying
et. This overall pattern is conserved for the four flow-split scenarios
onsidered; however, the 𝐾𝐸 maps show appreciable differences when
omparing different flow splits and subjects. These differences are
bvious in areas of high 𝐾𝐸 values corresponding to inflow and outflow
ets. However, there are also important relative differences in the flow
𝐸 inside the LAA, as evidenced when representing this quantity using
∼10-fold lower range (Figs. 6C, 7C).
After 13 cardiac cycles, blood residence time inside the left atrium

howed stable distributions with small, quasi-periodic variations along
he cardiac cycle. The lowest 𝑇𝑅 values appear near the PV inlets,
here blood enters the chamber. The incoming blood travels towards
he mitral valve, washing out the LA body. This clearing process is par-
icularly effective in subjects with normal atrial function, keeping 𝑇𝑅
round 1 cycle inside the LA body. But even in subjects with impaired
trial function, the LA body ultimately acts as a conduit, and 𝑇𝑅 rarely
xceeds 2 cycles in this region of the chamber. Consistent with previous
orks [23,36], the 𝑇𝑅 is significantly longer inside the LAA than in
he LA body. Moreover, and also in contrast to the LA body, the LAA
xperiences significant variability in these two hemodynamic variables
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Fig. 4. Visualization of the flow in the left atrium for the different flow split conditions during the atrial diastole (A) and during the ventricle diastole (B) in subject 2. For both
instants, we represent the flow contained in a plane that crosses the atrial body and the flow inside the left atrial appendage. Panel (C) shows the temporal evolution of the flow
rate through the mitral valve (red) and the pulmonary veins (blue), and indicates the position of the instants of (A) and (B) in the cardiac cycle. The right part of panel (C) shows
the temporal evolution of the mean velocity through each pulmonary vein inlet for the different flow splits (R60, violet; R55, yellow; R50*, blue; eqV, red).
with respect to the PV flow split. For both the normal and impaired,
pro-thrombotic atrium, 𝑇𝑅 is elevated in the distal LAA regardless of
PV flow split; however, the proximal 𝑇𝑅 distributions exhibit more
variability, especially in the pro-thrombotic case. This variability is
captured by computing the spatial average of 𝑇𝑅, which is plotted vs.
time together with 𝐾𝐸 in Figs. 6–7C. These plots confirm that changing
the PV flow split alters the 𝑇𝑅 inside the LAA all along the cardiac
cycle and that, as noted above, these effects are more considerable in
the impaired, pro-thrombotic atrium (Fig. 7) than in the normal one
(Fig. 6). The next sections quantify this variability in more detail across
ur entire study cohort.

.3. Flow sensitivity to changes in PV flow split

To study in more detail how PV inflow affects blood flow in different
egions of the atrium, we analyzed the correlations between flows
btained with different PV flow splits in different LA regions. We first
omputed the correlation factor of the PV inflow flowrates along the
ardiac cycle (𝜌𝑃𝑉 , defined in Eq. (6), summarized in Table 2), observ-
ng small departures from perfect correlation (𝜌𝑃𝑉 = 1) for all cases
nd low subject-to-subject variability. To investigate the downstream
6

Table 2
Median and Inter-Quartile Range of the correlation factors of the flow inside the LA
body in perpendicular and parallel to the MV plane directions, and the flow inside the
LAA for thrombus/TIA negative and positive cases.
Project LAAT/TIA-neg LAAT/TIA-pos

Median IQR Median IQR

𝜌𝑃𝑉 0.985 0.043 0.989 0.022
𝜌𝐿𝐴𝑏⟂𝑀𝑉 0.8867 0.0581 0.9143 0.0832
𝜌𝐿𝐴𝑏∥𝑀𝑉 0.5798 0.1680 0.6097 0.1468
𝜌𝐿𝐴𝐴 0.8074 0.1164 0.7912 0.2293

effects of these differences in atrial inflow, we computed correlation
factors for the flow velocity inside the atrial body (Eq. (7)) in the
directions parallel (𝜌𝐿𝐴𝑏,∥𝑀𝑉 ) and perpendicular (𝜌𝐿𝐴𝑏,⟂𝑀𝑉 ) to the MV
plane. In this calculation, we excluded the mesh points inside the LAA
and the region near the PVs, as indicated in Fig. 3. These data are
summarized in Table 2 and plotted in Fig. 8A-B as functions of 𝜌𝑃𝑉 . The
results suggest that both 𝜌𝐿𝐴𝑏,∥𝑀𝑉 and 𝜌𝐿𝐴𝑏,⟂𝑀𝑉 tend to decrease with
𝜌𝑃𝑉 , indicating that stronger variations in PV flow split cause stronger

variations downstream in the LA body.
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Fig. 5. Visualization of the flow in the left atrium for the different flow split conditions during atrial diastole (A) and ventricular diastole (B) in subject 6. For both instants, we
represent the flow contained in a plane that crosses the atrial body and the flow inside the left atrial appendage. Panel (C) shows the temporal evolution of the flow rate through
the mitral valve (red) and the pulmonary veins (blue), and indicates the position of the instants of (A) and (B) in the cardiac cycle. The right part of panel (C) shows the temporal
evolution of the mean velocity through each pulmonary vein inlet for the different flow splits (R60, violet; R55, yellow; R50*, blue; eqV, red).
We also found that 𝜌𝐿𝐴𝑏,⟂𝑀𝑉 has higher values and a shallower
dependence on 𝜌𝑃𝑉 when compared to 𝜌𝐿𝐴𝑏,∥𝑀𝑉 across all the simula-
tions. These data indicate that variations in PV flowrates have a weaker
effect on the main axial transit of blood from the PVs to the MV than
on secondary, transverse flow patterns. In the discussion section, we
argue that the different sensitivities to PV flow split are related to global
chamber mass conservation. Of note, the thrombus/TIA-positive cases
exhibit a steeper decrease of 𝜌𝐿𝐴𝑏,∥𝑀𝑉 than the normal cases, suggesting
that secondary flow patterns of pro-thrombogenic atria with impaired
function (subjects 6–8) are more sensitive to PV inflow flowrates,
consistent with the vector velocity, 𝐾𝐸, and 𝑇𝑅 maps presented above.
he differences in the sensitivity of the hemodynamics between normal
nd impaired, prothrombotic atria are particularly noticeable in the
AA, as indicated by the velocity correlation factor 𝜌𝐿𝐴𝐴 vs. 𝜌𝑃𝑉 inside
the appendage (Fig. 8C).

3.4. Kinetic and residence time statistics in LA body and LAA

Atrial kinetic energy and residence time have been proposed as
hemodynamic biomarkers of thrombosis risk [23,36]. To study how PV
7

flow split variability affects these variables, we plotted their probability
box plots using data from three cardiac cycles after converging the
simulations (12 s < 𝑡 < 15 s). Fig. 9 displays these boxplots for the
LA body, showing that the flow in the direction perpendicular to the
MV plane (𝐾𝐸⟂, Fig. 9A) is more energetic than the secondary flows
parallel to that plane (𝐾𝐸∥, Fig. 9B). Overall, normal atria experienced
higher 𝐾𝐸 than impaired, pro-thrombotic ones.

To quantify the level of variability across PV flow splits, we com-
puted 𝑧-scores for each patient as 𝑧 = 𝑚𝑒𝑎𝑛

(

|(𝜇𝑗 − 𝜇𝑖)∕(𝑠2𝑖 + 𝑠2𝑗 )
1∕2

|

)

,
where 𝜇𝑖 is the mean and 𝑠𝑖 is the standard deviation of the phys-
ical quantity for flow split 𝑖, and included these data in the figure.
Consistent with the correlation factor data reported above, 𝐾𝐸⟂ was
less sensitive to the PV flow split than 𝐾𝐸∥. Specifically, the 𝑧-score
medians (range) of 𝐾𝐸⟂ over the normal and pro-thrombotic atria
were respectively 0.03 (0.01–0.03) and 0.01 (0.01–0.03), while the
corresponding values for 𝐾𝐸∥ were 0.05 (0.05–0.14) and 0.04 (0.03–
0.05). Interestingly, these 𝑧-scores suggest that the flow 𝐾𝐸 of normal
and pro-thrombotic atria have similar sensitivities to the PV flow split,
which contrast with the results from the correlation factors shown in
Fig. 8. Our interpretation of this seeming discrepancy is that it is the
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Fig. 6. Subject 2. Visualization of the instantaneous kinetic energy and residence time in an oblique plane section of the left atrium for the same two instants (A) and (B) of
Fig. 4. Panel (C) shows the kinetic energy inside the LAA during the ventricle diastole. Panel (D) shows the temporal evolution of the mean kinetic energy and residence time
inside the left atrial appendage along five cardiac cycles for the four flow splits (R60, violet; R55, yellow; R50*, blue; eqV, red).
orientation and not the overall magnitude of the velocity field which
is more sensitive to PV flow split in the pro-thrombotic atria. It is
also worth noting that many of the simulations produce the highest
atrial body kinetic energies for the R50* flow split. This peculiarity,
which is particularly noticeable for subject 4, can be explained by the
differences in PV inlet areas for each subject. The R50* condition splits
8

the PV flowrate evenly among the four PVs, often creating a high inflow
velocity through the narrowest PV inlet.

Fig. 9C displays barplots of the residence time averaged over 12 s
< 𝑡 < 15 s inside the LA body. Overall, normal atria experienced lower
𝑇𝑅 than impaired, pro-thrombotic ones. A recent work [36] suggested

that global chamber LA mass conservation and conduit function make
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Fig. 7. Subject 6. Visualization of the instantaneous kinetic energy and residence time in an oblique plane section of the left atrium for the same two instants (A) and (B) of
Fig. 4. Panel (C) shows the kinetic energy inside the LAA during the ventricle diastole. Panel (D) shows the temporal evolution of the mean kinetic energy and residence time
inside the left atrial appendage along five cardiac cycles for the four flow splits (R60, violet; R55, yellow; R50*, blue; eqV, red).
i
w

𝑇𝑅 inside the atrial body to be approximated by the simple model 𝑇𝑅
= LAV/(𝛼 LVSV) where LAV and LVSV are respectively the mean LA
volume and LV stroke volume, and 𝛼 > 1 is a parameter that accounts
for atrial washout occurring mostly during early LV filling. Fig. 9C
confirms the model, which helps understand the low variability of 𝑇𝑅
with respect to flow split changes for all the cases. Also, the 𝑧-score
9

t

medians (range) of 𝑇𝑅 over the normal and pro-thrombotic atria were
respectively 0.02 (0.01–0.03) and 0.05 (0.04–0.07), suggesting that 𝑇𝑅
n the body of pro-thrombogenic atria is more sensitive to PV flow split
hen compared to normal atria.
Fig. 10 shows probability box plots of kinetic energy and residence

ime inside the LAA using data from the same three cardiac cycles
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Fig. 8. Scatter plot with the correlation factor of the flow through the pulmonary veins versus the correlation factor of the flow inside the left atrium body in perpendicular (A)
and parallel (B) directions to the mitral valve and inside the left atrial appendage (C). Symbols represent different cases (from case 1 to 8: ◦, □, ▵, +, ×, ▿, ⋄, ∗). The straight
ines represent the regression lines for thrombus negative (blue) and thrombus positive (red) cases.
Fig. 9. Probability distributions of kinetic energy, in perpendicular (A) and parallel (B) directions to the MV, and residence time (C) inside the left atrium body along three cardiac
cycles (12 s < 𝑡 < 15 s). Boxes and whiskers represent 9, 25, 50, 75 and 91 percentiles for each subject and each flow split condition (from left to right: R60, R55, R50* and eqV).
Dashed line represents the residence time prediction given by 𝑇𝑅 = LAV/(𝛼 LVSV), with 𝛼 = 1.4 and LAV and LVSV are respectively the mean LA volume and LA stroke volume.
Mean intra flow split z-scores are represented on the top of each case.
p
p
s

(12 s < 𝑡 < 15 s), analogous to Fig. 9. Overall, the magnitude of 𝐾𝐸
n the LAA is significantly lower than the total 𝐾𝐸 in the LA body,
lthough it is comparable to that of atrial body secondary flow patterns
i.e., 𝐾𝐸∥). In normal atria, we observe slight differences in LAA 𝐾𝐸
hen the flow split is varied within each subject. These differences
ecome more evident in impaired, pro-thrombotic atria, which, in
eneral, also present smaller LAA 𝐾𝐸 values. Consonantly, the 𝑧-scores
for LAA 𝐾𝐸 have a median (range) of 0.05 (0.01–0.08) in normal atria
vs. 0.1 (0.08–0.14) in pro-thrombotic atria.

Residence time inside the LAA is significantly higher than inside
the LA body, specially its maximum values, which often correspond
with stagnant blood pools in the LAA apex (see, e.g., Figs. 6 and 7
and refs [23,36]). In normal atrial, the median (range) of the LAA 𝑇𝑅
𝑧-scores is 0.03 (0.01–0.12), and two of the five cases have 𝑧-scores
10
> 0.1. In pro-thrombotic atria, the variability induced by PV flow split
in LAA 𝑇𝑅 was more pronounced, with 𝑧-score statistics being 0.17
(0.13–0.25).

The variability in LAA residence time induced by the PV flow split
could be a significant source of uncertainty when using 𝑇𝑅 to identify
atients at risk of atrial thrombosis. To evaluate this possibility, we
lotted the mean LAA residence time (12 s < 𝑡 < 15 s) vs. PV flow
plit condition for this study’s normal (Fig. 11A) and impaired, pro-
thrombotic (Fig. 11B) atria. These plots reveal that the normal atria
with highest 𝑇𝑅 values overlap with the envelope of the pro-thrombotic
cases (red shaded patch in Fig. 11A), while the pro-thrombotic atrium
with lowest 𝑇𝑅 overlaps with the envelope of the normal cases (blue
shaded patch in Fig. 11B). These overlaps are primarily caused by
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Fig. 10. Probability distributions of kinetic energy (A) and residence time (B) inside the left atrial appendage along three cardiac cycles (12 s < 𝑡 < 15 s). Boxes and whiskers
represent 9, 25, 50, 75 and 91 percentiles for each subject and flow split condition (from left to right: R60, R55, R50* and eqV). Mean intra flow split z-scores are represented
on the top of each case.
Fig. 11. Mean value of the residence time in the left atrial appendage along three cardiac cycles (12 s < 𝑡 < 15 s) for the four flow splits. Data in (A) correspond to the
thrombus-negative cases, and the shaded patch in red corresponds to the envelope of the thrombus-positive cases. Data in (B) correspond to the thrombus-positive cases, and the
shaded patch in blue corresponds to the thrombus-negative cases. The colors of the subjects are the same as in Figs. 8 and 9.
the significant sensitivity to PV flow split of the residence time in the
pro-thrombotic LAA.

4. Discussion

The past decade has witnessed significant growth in the number
of computational fluid dynamics (CFD) analyses of the left atrium
[17,18,23,24,29,37,54]. These works shed light onto the anatomical
and physiological determinants of atrial flow and offered proof-of-
principle validation for blood stasis mapping as a thrombosis predictor.
In parallel, echocardiographic LV stasis mapping has proven predic-
tive value for LV thrombosis and brain embolism in pre-clinical and
clinical pilot studies [55–57]. However, blood flow in the LA is highly
three-dimensional and unsteady, and CFD-simulated LA hemodynamics
can exhibit significant intra-patient variability depending on modeling
parameters [17,21,35,54]. A better understanding of this variability
is required to develop reliable CFD-derived biomarkers of atriogenic
stroke risk.
11
4.1. Pulmonary vein inflow, atrial hemodynamics, and LAA stasis

The LA contributes to cardiac pumping via three distinct functions.
When the mitral valve is closed, it receives flow kinetic energy from the
lungs and transforms it into myocardial elastic energy that is released
back into the flow during early LV filling (reservoir function). It actively
contracts to drive late LV filling (booster function). And, while the
mitral valve is open, it forms a tube through which the pulmonary veins
continuously discharge into the LV (conduit function) [58]. These three
functions involve flow interactions between the atrium and the pul-
monary veins and can overlap during some phases of the cardiac cycle,
creating complex PV inflow profiles with several forward waves during
atrial and early LV diastole, and alternating forward and backward
waves during atrial systole. There are usually two pairs of PV inlets in
the LA, the right pair opposes the left pair creating two opposing inflow
jets. Furthermore, the precise number and anatomical configuration of
PV inlets can vary significantly among patients [24].

These factors give rise to intricate atrial flow patterns, first visual-
ized in 3D approximately two decades ago [59,60]. However, it has not
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been until recently that the influence of PV inflow in LA hemodynamics
began to be investigated in detail using CFD simulations [24,28,41]. In
particular, 4D flow CMR measurements and CT-based CFD simulations
of the whole left heart, varying the PV flow split, were performed
in [41]. A strength of this study was its design of experiments (DOE)
approach to interrogate the three-dimensional parameter space defined
by varying the PV flow split of the four pulmonary veins. Following
this systematic approach, they ran 20 simulations per patient in N = 3
atients, which provided unprecedented information on the PV inflow
ependence of LA and LV flow. They reported a large variability for the
A body KE, although this may be caused by the fact that some of the
V flow splits considered in the DOE analysis were unphysiological. On
he other hand, their 25-25-25-25 simulations, which are equivalent to
ur R50* condition, yielded LA KE profiles in the middle of the DOE
nvelope and were in fairly good agreement with the 4D flow MRI
atient-specific measurements. Unfortunately, they did not compute
esidence time or report flow data inside the LAA, the most frequent
ite of intracardiac thrombosis [61].
More recently, an exhaustive investigation of the influence of atrial

natomical parameters on LA hemodynamics and LAA stasis was per-
ormed in [24]. Their approach was complementary to that of [41];
hey considered a large cohort of atrial fibrillation patients (N =
2, 25 of them thrombotic), performing one simulation per patient
sing the inflow/outflow profiles for all simulations and computing a
omprehensive set of hemodynamic descriptors in the LAA. Then, they
nterrogated the database for correlations between anatomical features
nd hemodynamic descriptors across different patients. Of particular
nterest for the present study, the orientation of the PV inlets was
nalyzed in [24], finding that there is significantly more variability in
he right-side PVs than in the left-side PVs, and that this variability sig-
ificantly affected atrial hemodynamics. Nevertheless, they did not find
clear association between right PV orientations and LAA thrombosis.
ikewise, they found no direct link between LAA thrombosis and the
umber of PVs, emphasizing the multi-factorial nature of LAA stasis
Thus, the existing literature suggests that the effects of the PV

nflow profiles on atrial hemodynamics are significant and may be
ifficult to disentangle from anatomical factors. Furthermore, despite
hese recent works, there is a paucity of data on how the PV flow
plit influences LAA stasis, a major determinant of atrial thrombosis
ssociated with stroke risk. This paucity creates a significant problem
ecause the PV flow split is a crucial parameter to define inflow bound-
ry conditions and its patient-specific measurement is challenging [38].
o shed light on this question, we performed a CFD investigation on
moderate-size cohort (N = 8) while also considering four different
V flow split scenarios per patient-specific anatomical model. While
ur study did not perform an exhaustive DOE parametric analysis [41]
r considered a large cohort [24], it provides new insights that have
ot been previously explored in the literature. In particular, this study
alances, for the first time, inter-subject and intra-subject variability
y including normal and thrombotic atria, focusing on physiologically
elevant departures from the 25-25-25-25 flow split. We conducted
igh-fidelity CFD simulations in terms of spatial and temporal reso-
ution (see, e.g., ref [62]), the number of cycles run, and computed
igh-cost hemodynamic variables like blood residence time, which
re tightly linked with blood stasis [63–66], and have been clini-
ally validated as thrombosis biomarkers in other cardiac chambers
55–57]. Long-term analysis has not been addressed in this study,
owever, additionally to the effects on transport and thrombosis phe-
omena, we can speculate that potential variations on secondary flows
ould involve changes in endocardium stresses and mechanotransduc-
ion under AF conditions, as suggested in [67].
In agreement with the previous studies, instantaneous visualizations

f our CFD simulations show that the PV flow split modifies the flow
atterns in the LA and LAA. While this effect is complex and multi-
actorial, our analysis suggests a few general trends. First, the velocity
12

long the PV-MV axis delineating the atrial conduit route (denoted o
s the ⟂ component) is relatively insensitive to the PV flow split. A
ossible explanation for this behavior is that the flow rate through
he MV is dictated by global mass conservation of the LA chamber
ndependent of the flow split, and this flow rate, in turn, dominates
luid motion along the PV-MV axis. Consistent with this hypothesis, a
revious work [41] reported CFD-derived flow visualizations in the MV
lane that were relatively insensitive to PV flow split and agreed well
ith 4D flow MRI measurements. Also consistent with this hypothesis,
ur simulations show that fluid motions parallel to the MV plane
denoted as the ∥ component), which are not constrained by global LA
ass conservation, are more sensitive to the PV flow split. Since the
low velocities along the PV-MV axis are stronger, this effect is most
pparent when separately computing the flow kinetic energy in the ∥
nd ⟂ components. Blood residence time in the atrial body, which is
rimarily dictated by the ⟂ component, is relatively insensitive to the
V flow split. The sensitivity of LAA hemodynamics to the PV flow split
s more involved and is discussed below.

.2. The hemodynamic sensitivity of the left atrial appendage

The LAA is a small tubular sac protruding from the atrial body
n a direction roughly perpendicular to the main transit path of LA
low between the PVs and the MV. Consequently, blood residence time
nside the LAA significantly exceeds that in the atrial body [17]. Given
ts anatomical isolation from the conduit that joins the PVs and the
V, one could intuit that LAA hemodynamics should be relatively
nsensitive to the PV flow split. However, our results indicate that blood
low and, in particular blood residence time, are more sensitive to the
V flow split in the LAA than in the atrial body. As we argued above,
econdary flow patterns perpendicular to the PV-MV axis (i.e., the
component) are not significantly constrained by global chamber
ass conservation and, thus, could vary appreciably with anatomical
arameters, boundary conditions (including the PV flow split), blood
heology (e.g., non-Newtonian effects [36]), etc. Our data suggest that
hanges in secondary flow patterns near the LAA ostium can affect flow
nside the LAA and, as a result, the LAA residence time. This idea is
upported by Garcia-Isla et al.’s data showing that perturbations to the
V diameter that increase blood velocity at the ostium also decrease
he endothelial cell activation potential [28]. This mechanism is highly
ependent on each patient’s LAA anatomical features and its specific
rientation with respect to the PV inlets and the PV-MV axis [24],
hich would explain why some of our subjects exhibit small variations
n mean LAA 𝑇𝑅 with PV flow split (i.e., cases 1–3), while others exhibit
arge enough variations to create overlap between the thrombus/TIA
roup and the normal group.
Unlike the atrial body, the appendage is a closed chamber with no

onduit function that relies primarily on the expansion and contraction
f its walls for blood clearance. This mechanism is quantified by the
AA emptying fraction, (LAA EF, Table 1), which reached 0.53 +∕−
.08 (mean +∕− std) in this study’s normal atria and 0.21 +∕− 0.01
n the impaired, prothrombotic atria. The significant difference in LAA
F between groups is congruent with the higher TR found in the
mpaired prothrombotic atria and, relevant to the present study, could
lso explain the higher variability of this group’s LAA 𝑇𝑅 with the PV
low split. This may be because secondary swirling motions with zero
et volume flux play a more important role in washing out LAAs of
ower emptying fraction, and these fluid motions are more sensitive
o anatomical factors and PV flow profiles [36]. Consistent with this
ypothesis, we recently showed that the LAA 𝑇𝑅 of normal atria is
ess sensitive to non-Newtonian effects than the LAA TR of impaired
rothrombotic atria [36]. Finally, we note that we cannot discard the
lternate hypothesis that LA EF and not LAA EF drives the variability
f hemodynamic variables, since the two EFs are highly correlated in

ur cohort (correlation coefficient = 0.90, p = 0.002).
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4.3. Study limitations and future work

The cohort used in this study is small (N = 8). This is partly due
o the computational cost of running high-resolution CFD simulations
or 15 cycles at 𝐶𝐹𝐿 < 0.3 and the need to run four simulations
er subject to study the effect of the PV flow split. However, high
emporal resolution is crucial to obtain convergence in hemodynamic
etrics obtained from CFD analysis of LA hemodynamics [62]. To help
ompensate for the low N, we selected a diverse cohort in terms of
A volume and function (see Table 1). While this strategy allowed
s to cover a wide range of patient-specific conditions, it might bias
ur observations regarding inter-patient vs. intra-patient variability. In
ddition, all of the 8 patients in this study had normal pulmonary vein
natomy with 2 right and 2 left pulmonary veins. Whether the results
xtrapolate to anatomic variants was not evaluated.
The small sample size and retrospective nature of our study makes

t difficult to ascertain if the observed overlap in LAA stasis between AF
nd normal patients is significant, as this overlap depends on additional
actors, e.g., LAA stasis could vary for each given patient based on
ow atrial function and flow evolve after the onset of AF or post-
blation [68], and this study did not record such clinical variables or
s statistically powered to control for them.
We consider PV flow splits in the ranges (left/right) 40–50%/50%–

0% to compare differences in LA hemodynamics between the even
plit [7,17,23,36,69,70] and equal velocity inflow conditions
19,21,33,71,72] often used in simulation studies, and the more phys-
ological uneven splits caused by the right lung being larger than
he left lung. However, multiple factors can alter the PV flow split
utside of the range we studied, including common ones like changes
n body position [40] and less common ones like abnormalities in the
ulmonary artery or veins [73,74], or lung resection surgeries [75].
dditionally, body position can also affect superior/inferior PVs flow
plit, whose effect would be interesting to study in future work.
All our simulations were run at a constant heart rate of 60 min−1

orresponding to resting conditions and constant (i.e., Newtonian) vis-
osity. This choice is customary [21,23,29,62,70,76] and justified based
n the rationale of reducing the number of independent parameters to
he PV flow split. The flow split has been reported to change with heart
ate, approaching 50%–50% during exercise [77], and heart rate could
lter blood viscosity inside the LA via non-Newtonian effects [36].
n turn, non-Newtonian effects could be interlinked with flow-split-
nduced variability in the LAA, where long residence times contribute
o increased blood viscosity [36].
To close the manuscript we include some ideas for future work.

o increase the statistical relevance of the results, it is necessary to
onsider a larger cohort of patients, including new cases with both
ormal and impaired/pro-thrombotic atria and a wider range of PV
low split. Given the anatomical variability in the general population,
t would be interesting to study how the results are influenced by
ariations in the geometry of PVs. This study would analyze the flow
rom LA geometries where a longer section of the PVs is included
nd compare it with the results of the present study. In this sense,
tudying LA geometries with more or less than four PVs [78] would
lso be pertinent. Additionally, many other relevant problems can be
ddressed, such as analyzing the effect of superior–inferior PV flow split
n LA and LAA flow or studying LAA stasis in patients in particular
ituations, e.g., after AF ablation or a lung lobectomy surgery [42].

. Conclusion

The pulmonary vein flow split is an important parameter gov-
rning boundary conditions in patient-specific left atrial blood flow
imulations. This work investigated, for the first time, how the PV
low split influences left atrial flow and LAA stasis by performing CFD
imulations on subjects with normal and impaired pro-thrombotic atria.
e found that secondary flow patterns in planes parallel to the mitral
13
alve are sensitive to variations in PV flow split. Flow inside the LAA,
articularly blood residence time, is also affected by the changes in
V flow split. This sensitivity is highest in patients with reduced LAA
mptying fraction, highlighting the need for accounting for uncertainty
n CFD-derived risk scores of atrial thrombosis. Finally, several ideas
or future work have been discussed, including the simulation of a
arger cohort of patients and a wider range of PV flow split conditions,
tudying the influence of PV anatomy, or analyzing the effect of varying
uperior–inferior PV flow split.
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