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Abstract

Atrial fibrillation (AF) is the most common arrhythmia, affecting ~ 35M people worldwide. The irregular
beating of the left atrial (LA) caused by AF impacts the LA hemodynamics increasing the risk of thrombosis
and ischemic stroke. Most LA thrombi appear in its appendage (LAA), a narrow sac of varied morphology
where blood is prone to stagnate. In the LAA, the combination of slow blood flow and low shear rates
(< 100 s_l) promotes the formation of red blood cell aggregations called rouleaux. Blood experiences a
non-Newtonian behavior when rouleaux formed that has not been considered in previous CFD analysis of
the LA. We model the anatomy and motion of the LA from 4D-CT images and solve the blood flow inside the
LA geometry with our CFD in-house code, which models Non-Newtonian rheology with the shear-hematocrit-
dependent Carreau-Yasuda equation. We cover a wide range of non-Newtonian effects considering a small
and a large hematocrit, including an additional constitutive relation to account for the rouleaux formation
time, and we compare our results with Newtonian simulations. Blood rheology influence in LAA hemostasis
is studied in 6 patient-specific anatomies. Two subjects had an LAA thrombus (digitally removed before
running the simulations), another had a history of TIAs, and the remaining three had normal atrial function.
In our simulations, the shear rate remains below 50 s~! in the LAA for all non-Newtonian models considered.
This triggers an increase of viscosity that alters the flow behavior in that site, which exhibits different flow
patterns than Newtonian simulations. These hemodynamic changes translate into differences in the LAA
hemostasis, calculated with the residence time. This metric accumulates over several cycles experiencing an
increase in its maximum and averaged values in the LAA when non-Newtonian blood rheology is considered,
especially for high hematocrit levels. Overall, our analysis suggests that non-Newtonian effects should not
be neglected in patient-specific CFD LA simulations since they have an important impact on the predicted
values of LAA residence time.
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1 Introduction

Cardiac thrombo-embolism leading to ischemic stroke is a leading cause of mortality and disability. Ischemic
strokes account for two thirds of all strokes, which are estimated to be 26 million per year worldwide [1].
Approximately 30% of these ischemic strokes are directly associated to atrial fibrillation (AF), a common
arrythmia affecting 35 million people worldwide [2]. Notably, these embolic strokes are associated with worse
outcomes than ischemic strokes in the absence of AF [3]. An additional 30% of ischemic strokes are categorized
as embolic strokes from undetermined source (ESUS), and increasing evidence suggests many of these also have
a cardioembolic origin [4]. Specifically, a significant fraction of these ESUS are linked to left atrial thrombosis,
both in the presence of subclinical AF and in sinus rhythm [5, 6]. Anticoagulation therapy can help prevent
cardioembolic stroke, but this therapy increases the risk of internal hemorrhages. Therefore, anticoagulant drugs
are prescribed only to patients whose stroke risk overweighs the bleeding risk. In patients with AF, clinical
tools to estimate stroke risk are based on demographic and comorbid factors (e.g., the CHA2DS2-VASc score),
which cannot capture patient-specific thrombogenesis mechanisms and have a modest predictive accuracy [7].
Likewise, indiscriminate anticoagulation of ESUS patients has not proven effective to prevent recurrent strokes
despite increasing bleeding event rates [8]. In summary, left atrial thrombosis is a major source of ischemic
strokes, and there is a pressing need for predictive quantification of this process in patient-specific models.

Thrombogenesis requires the concurrence of three phenomena: endothelial damage or dysfunction, the presence
of procoagulatory factors in blood, and increased blood stasis [9]. In the left atrium (LA), most thrombi
form inside the left atrial appendage (LAA), a hooked narrow sac that accounts for approximately 5-10% of
LA volume and varies greatly in morphology among individuals [10]. Irregular or weak beating of the heart
together with anatomical factors promote the appearance of LAA stasis [11, 12]. Intracavitary blood stasis
and thrombogenesis risk can be quantified by means of blood residence time, i.e., the time span spent by
blood particles inside a cardiac chamber [13]. Progress in computational fluid dynamics (CFD) algorithms and
computer processing capacity now make it feasible to simulate blood flow in four-chamber domains [14], two-
chamber domains (typically the left heart) [15, 16, 17], and single-chamber domains (typically the left ventricle)
[18, 19, 20, 21, 22, 23, 24, 25]. Some of these simulations include models of heart valve motion [22, 26, 15,
17, 27, 28, 29] and some can resolve the intricate domain surface caused by endocardial trabeculation [28, 29].
Motivated by the need for patient-specific prediction of LAA blood stasis, the number of CFD simulations of
LA flow is growing rapidly [30, 31, 32, 33, 34, 35].

Blood inside the cardiac chambers is usually modeled as a Newtonian fluid based on the assumption that
its shear rate is high enough to prevent the formation of red blood cell (RBC) aggregates and that, even if
some low-shear pockets may occasionally form, their lifetime is shorter than the RBC aggregation timescale
[36, 37]. While an exhaustive validation of these modeling assumptions can be challenging, Newtonian CFD
simulations provide intracardiac flow velocity fields that agree reasonably well with phase-contrast MRI data
from the same patients [21, 38]. Nevertheless, calculating residence time inside the LAA has two peculiarities
that make it particularly sensitive to non-Newtonian effects. First, high-resolution CFD data has shown that
both low shear rate and high residence time coexist inside the LAA [33, 35], making this site prone to RBC
aggregation. Consonantly, spontaneous echocardiographic contrast or “smoke”, which is caused by red blood
cell aggregates under low shear [39], is frequently observed in the LAA by transesophageal echocardiography
and is associated with blood stasis [40]. Second, in contrast to flow metrics like kinetic energy, wall shear stress,
or oscillatory shear index, residence time is cumulatively integrated over multiple heart beats. Therefore, small
differences in instantaneous velocity could gradually accumulate to generate appreciable differences in residence
time. Considering that blood is a shear thinning fluid, Newtonian CFD analysis could underestimate blood
stasis and this effect could be more severe for regions of significant stasis.

The present study evaluates whether blood’s shear-thinning rheology significantly affects CFD estimations of
LAA blood stasis. To this end, we carried out numerical simulations of left atrial flow considering a Carreau-
Yasuda constitutive relation, and compared the results with those from Newtonian simulations [35]. We exam-
ined N = 6 patients with covering a wide range of atrial morphology and function, three of whom had LAA
thrombosis or a history of transient ischemic attacks (TIAs). Our results indicate that blood stasis increases
in low-shear regions when non-Newtonian rheology is considered, especially in the LAA. This trend is robust
for different constitutive laws that consider the timescale of RBC aggregation and a wide range of hematocrit
(hct) levels.
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2 Methods

2.1 Patient population, image acquisition, image reconstruction, and mesh gen-
eration

We retrospectively considered the N = 6 left atrial models of Garcia-Villalba et al. [35], consisting of 4D (3D,
time-resolved) patient-specific segmentations of human left atria obtained from computed tomography (CT)
imaging. Three patients had normal LA volume and function, were imaged in sinus rhythm, and did not have a
left atrial appendage (LAA) thrombus. The other three patients were imaged in atrial fibrillation (AF), had an
enlarged LA chamber, and impaired LA global function. Two of these had an LAA thrombus (removed digitally
before running the simulations), and one had a history of transient brain ischemic attacks (TTAs). Cardiac-gated
cine CT scans were performed following standard clinical protocols at each participating center (NIH, Bethesda,
MD and UCSD, La Jolla, CA). The images were reconstructed using the CT scanner manufacturers’ standard
algorithms, yielding DICOM files with resolutions between 0.32 mm and 0.48 mm in the x-y axial plane and
0.5 mm to 1 mm in the z-direction. Time-resolved images were obtained at regularly spaced time points across
the cardiac cycle, ranging between 5% and 10% of the R-R interval.

The computational LA meshes were generated in four steps using itk-SNAP [41] and MATLAB. The first step
consisted of segmenting the 3D LA anatomy in each time frame of the 4D CT image sequence, and identifying
the PV inlets, mitral annulus, and LAA. For each 3D segmentation, a triangular surface mesh was created
and then resampled to match the computational fluid dynamics (CFD) solver’s resolution [42]. The resulting
triangular meshes were registered across the cardiac cycle and their positions yielding a coherent triangle vertex
and centroid cloud [43]. Finally, the positions of these points were expressed as a Fourier temporal series
to provide interpolated boundary conditions to the CFD solver at time points not contained in the 4D CT
sequence. Figure 1 and Table 1 summarize the main anatomical and functional features of the patients’ atria.
For more detailed information of patient selection, imaging acquisition and reconstruction, and mesh generation,
the reader is referred to Garcia-Villalba et al. [35].

Case 4 (no LAAT,
TIA history) AL

‘A.-.

Figure 1: Anatomical Features of Patient-Specific Subjects. The three first rows display CT images
corresponding to the N = 6 subjects studied. The images represent, from top to bottom, axial, sagittal and
coronal plane sections showing the left atrium, and including LAA thrombi if present (patients 5 and 6). In
each panel, the intersections with the other two view planes are represented with a vertical and a horizontal
line. The bottom row displays a 3D rendering of the segmented LAA for each subject, and an inset showing
its plane projection (gray) and the branches that define the LAA lobes (white). Data are shown at an instant
corresponding to 50% of the R-R interval.
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Subject Number 1 2 3 4 5 6
LAA Thrombus (or history of TIA) No No No TIAs Yes  Yes
Sinus Rhythm Yes Yes  Yes No No No
Mean LA Volume (ml) 86.6 70.1 115 145 157 180
Min. LA Volume (V;%", ml) 59.6 49.0 87.2 119 150 157
Max. LA Volume (V;"¢%, ml) 108 91.2 145 155 165 205
Mean LAA Volume (ml) 694 485 143 107 155 220
Min. LAA Volume (V%7 ml) 432 314 102 9.0 138 19.8
Max. LAA Volume (V"% ml) 897 6.28 179 11.6 174 247
Pre-A-wave Volume (V7™ ml) 94.3 723 119 149 153 178
LA Sphericity | 080 082 0.78 086 083 081
Global (LA EF) [VAV&} 045 046 040 023 0.091 0.23
) LA
LAA EF VL i 052 050 043 022 021  0.20
L .
Expansion Index | Y247 IA" | 0.81 086 0.66 030 010 031
LA
max p’V'E*A
Passive EF {% 0.13 021 018 0.039 0073 0.13
pre—A min
Booster EF [VLAV%ZA} 0.37 032 027 020 002 012
LA in
repdult Volume 1 _ YIUZ /i | 0.33 050 041 046 080 0.63
PVs (ml) 43 38 51 36 17 49
PVd (ml) 65 58 60 52 63 94
PVs-PVd ratio 0.66 0.66 0.84 069 027 052
PVa (ml) 17 73 12 13 014 14
PVa duration (cycles) 0.11 0.11 0.13 0.12 0.039 0.068
A-wave duration (cycles) 022 0.25 030 0.18 021 0.23
PVa — A wave duration ratio 049 0.43 044 0.64 0.18 0.30
E/A ratio 1.64 236 3.03 205 3.86 3.65

Table 1: Summary of anatomical and functional parameters of the left atrium (LA) and its ap-
pendage (LAA) in the LAAT/TIA-neg (left three columns) and LAAT /TIAA-pos (right three
columns) groups. Mean volume indicates time-averaged volume. EF, ejection fraction; 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 pulmonary veins during atrial contraction;
E/A ratio, ratio of peak mitral velocities during early diastole (E-wave) and atrial contraction (A-wave).

2.2 Computational Fluid Dynamic

Flow simulations were performed using a modified version of the in-house CFD code TUCAN [44, 45|, which
we had previously adapted to simulate incompressible, Newtonian flow in the left atrium [35, 46]. To account
for non-Newtonian effects, we consider the Navier-Stokes equations

T _
%+(7~V)7:72Vp+V~i (1)

where ¥ and p are respectively the velocity and pressure fields, p is the fluid density and 7 is the stress tensor.
The stress tensor is defined as 7 = 2v (S) €, where v is the fluid kinematic viscosity, € = (V7 + VﬁT) /2 is the
rate of strain tensor, S = 24/|ez| is the shear rate, and €5 the the second invariant of €. The constitutive relation
between v and S is based on the Carreau-Yasuda model [47], both in its original form and with modifications
to account for blood’s thixotropic behavior under unsteady flow. Section 2.3 below provides more details about
the constitutive models implemented in our CFD code.

The Navier-Stokes equations were integrated in time by a low-storage, three-stage, semi-implicit Runge-Kutta
scheme using a fractional-step method. The constitutive law was treated semi-implicitly by splitting the kine-
matic viscosity coefficient into two terms, i.e, v (S) = Vinp + Aveyy (S), where v, is a constant coefficient.
Consonantly, the viscous stresses were split as V - 7 = VimpV27 + V. [Avew (S) (Vﬁ + VWT)] and the
first, linear term was integrated in time implicitly whereas the second, non-linear term was integrated explic-
itly. We chose Vjmp = Voo but note that the implementation is independent of this particular choice, offering
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some control over the stability of the temporal integration. The time step At of each simulation was con-
stant and set to keep the Courant-Friedrichs-Lewy (CFL) number below 0.2 across the whole simulation. To
account for the additional non-linear terms originating from Av,g, (S), the Courant number was re-defined
as CFLmoa = [|[U|+ |V (Avep)|] At/Az = CFL + |V (Avesp)| At/Az. The spatial discretization was per-
formed on a staggered Cartesian grid with a centered, second-order, finite difference scheme. The grid spacing,
Az = 0.51 mm (2563 grid points), was isotropic and uniform. We initialized each non-Newtonian simulation
using the velocity field previously calculated with Newtonian rheology in the same LA mesh [35]. Then, the
simulations were ran for 15 heartbeats in a grid of relatively coarse-resolution (Aa:c = 16Ax/9, 1443 grid points)
to let the flow transition from Newtonian to non-Newtonian. Finally, we interpolated the flow variables into
the 2563 nominal grid and ran the simulations for 6 more heartbeats.

The time spent by blood particles inside the LA chamber was denoted residence time, Tk, and calculated
together with the velocity field by solving the forced transport equation [48]

OTr +V-(UTg) = 1. (2)
ot
This equation was integrated in time explicitly with a low-storage, three-stage Runge-Kutta scheme. Its spatial
discretization third-order WENO scheme to balance accuracy with preventing spurious oscillations caused by
the Gibbs phenomenon in regions with sharp gradients [49]. Together with the shear rate, the residence time is
used as an indicator of blood stasis and non-Newtonian rheology.

The flow was driven by the heart’s wall motion obtained from patient-specific 4D CT images, which was imposed
using the immersed boundary method (IBM) as previously described [35, 50]. In short, the segmented LA surface
was placed inside a 13 c¢m cubic Cartesian mesh and free-slip boundary conditions were imposed at the mesh
boundaries. No-slip boundary conditions were imposed at the LA surface by adding an appropriate volumetric
force term to the Navier-Stokes equations. To enforce flow rates through these pulmonary vein (PV) inlets, 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 value. A similar procedure was used to set Tr equal to zero at the PV inlets. No
additional boundary conditions are needed for the Tk equation, which only contains first-order derivatives.

The flow velocity through each PV inlet was U, = %ﬁ, where @Q;, A; and 7 are the flow rate, inlet area, and

normal vector (i = 1...4). The Q;’s were determined from mass conservation as Q; = 1 (d‘t/ﬁ“ — d‘;%), where

Via and Vi are the time-dependent left atrial and left ventricular volumes obtained from each patient’s 4D
CT scan. This V4 factor evenly splits the total flow rate through the four PVs. We note that, while it is possible
to derive a 0D model of the pulmonary circulation to determine each PV’s split of the total PV flow rate, fixing
the value of the model impedances would be equivalent to directly fixing the flow split. The actual flow split
is patient-specific and, given that the right lung has one more lobe that the left lung, the right PVs typically
discharge more flow into the LA than the left PVs [29]. However, Lantz et al. [29] reported that flow velocities
from simulations with evenly split PV flow rates agree reasonably well with patient-specific phase contrast MRI
data. Furthermore, we conducted simulations for the N = 6 subjects considered in this study, finding that LA
blood residence time and kinetic energy do not experience significant differences when left /right flow splits of
0.4/0.6 or 0.45/0.55 are considered [51]. Finally, we note that we did not model the geometry or motion of the
mitral valve leaflets, based on previous evidence that they do not affect LA hemodynamics [16].

2.3 Non-Newtonian constitutive models

We ran simulations with four constitutive laws. First, we used the original Carreau-Yasuda model
n—1
V(8) = Voo + (0 = Vo) (1 + (AS)*) =, 3)
where, A\, n < 1, and a are blood hematocrit-dependent parameters, and v, is the reference Newtonian viscosity
corresponding to the limit S > A~'. In this model, yield-stress is represented by prescribing a large value to
the zero-shear-rate viscosity coefficient, v, which we prescribed as vy = 16v4 similar to de Vita et al. [27].

To investigate the effect of the hematocrit, we considered two different sets of parameter values derived from
the literature, namely A = 8.2 s, a = 0.64, n = 0.2128 from Leuprecht and Perktold [52], and A = 3.313
s, a = 2, n = 0.3568 from Al-Azawy et al. [53]. Although these studies considered v, = 0.035 cm/s?
we chose V5 = 0.04 cm/s? to facilitate the comparison with our previous Newtonian simulations [35], which
where run with a constant kinematic viscosity equal to 0.04 cm/s?. Figure 2A shows that the shear-rate-
dependent kinematic viscosities obtained from the two parameter sets differ significantly. We used the blood
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Figure 2: Non-Newtonian constitutive laws used in the present simulations. A) Kinematic viscosity
v (S) as a function of shear rate S for the two versions of the Carreau-Yasuda law (eq. 3) used in our simulations.
Grey line: CY-37 model with A = 8.2's, a = 0.64, n = 0.2128, 1y = 16V, and v, = 0.04 cm/s?; black line:
CY-55 model with A = 3.313 s, a = 2, n = 0.3568, 1y = 16V, and vs = 0.04 cm/s?. The square symbols
correspond to datapoints from the empirical law of Chien et al. [54] for hematocrit values Het = 37.4% (grey)
and Het = 55% (black). Kinematic viscosity v (S, Tr) as a function of shear rate S and residence time T for
the residence-time-activated Carreau-Yasuda models B) CY-Tx-55 and C) CY-Tg-37 (egs. 4-5).

rheology experiments of Chien et al. 1966 [54] to estimate their associated Hct values, obtaining excellent
fits for Het = 37.4 and 55 (Figure 2A). Hence, we refer to these models as CY-37 and CY-55 throughout
this manuscript. Blood hematocrit levels can vary significantly with age and sex, with all-age normal ranges
(defined as the 2.5-97.5 percentile range) being [34 — 36,48 — 50] for females and [39 — 40, 54] for males [55, 56].
Thus, the CY-37 and CY-55 models are useful to estimate the smallest and largest non-Newtonian effects to be
expected in LA hemodynamics.

The Carreau-Yasuda constitutive relation assumes microstructural equilibrium but blood is a thixotropic fluid
that exhibits time-dependent rheology because the formation and rupture of RBC rouleaux does not occur
infinitely fast [47]. While the observation of LA and LAA echocardiographic “smoke” in patients demonstrates
that rouleaux do form in these chambers [39, 40], the unsteady nature of atrial hemodynamics calls for evaluating
the interplay between fluidic and thixotropic timescales. Huang and Fabisiak [57] modeled the thixotropic
behavior of blood using a power-law term restrained by an exponential term that considered the cumulative

exposure of RBCs to shear, i.e., proportional to S™exp (—Tf1 fot S”dt). In this model, T} is the time scale

associated to rouleaux formation and breakdown. Parameter fitting to human blood samples in healthy subjects
yielded T} values ranging between 3.6 and 6.2 seconds. Consonantly, Schmid-Schénbein et al. [58] had previously
reported the half-time for RBC aggregation in blood to be 3-5 seconds for normal blood samples and 0.5-1.5
seconds for pathologically hypercoagulable samples. More recently, Arzani [37] proposed a modified Carreau-
Yasuda constitutive relation where non-Newtonian effects are activated based on the local value of the residence
time. In the same spirit, we ran simulations where blood viscosity was given by

n—1

v (S,Tr) = Voo + H (TRr) (Vo — Vso) (1 + (AS)*) (4)

lteaf(T—-T,)/(v20)]
2

which provides a smooth transition from Newtonian to non-Newtonian behavior for residence times comparable

to experimentally reported RBC aggregation timescales [58, 57]. We ran simulations at Het = 37 and 55 with

the constitutive model in eqs. (4-5), which we denoted as CY-Tg-37 and CY-Tg-55. Figure 2B illustrates

the dependence of the CY-Tr-55 model with residence time, showing that non-Newtonian effects are negligible

for Tp < 2 s, gradually increase for 2s < Tg < 10 s, and become indistinguishable from those of the classic

Carreau-Yasuda model for Tr 2 10 s. The dependence of the CY-T-37 model with residence time is similar
(Figure 2C).

H (T)

,T,=3s,0=06s, (5)

3 Results

3.1 Flow visualization in Newtonian and non-Newtonian left atrial simulations

We first evaluated whether the LA body and LAA’s overall flow patterns were affected when non-Newtonian
blood rheology was considered. Figure 3 displays 3D maps of blood velocity vectors in one of our normal
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subjects, computed by the Newtonian simulations as well as the non-Newtonian CY-37, and CY-55 simulations.
The vectors near the left PVs, the right PVs, the LAA, and the mitral annulus are colored differently (cyan,
dark blue, green, and red, respectively) to facilitate visualization. Also, magnified 3D vector maps inside the
LAA, colored with the local value of blood velocity, are displayed. Snapshots corresponding to LA diastole, LV
early filling, and LA systole are represented. The flow rate profiles in the pulmonary veins (PVs) and mitral
annulus are also plotted together with the LA and LAA chamber volumes for reference.

In this healthy case, the atrial chamber expands significantly during atrial diastole (Figure 3A), driving a strong
filling flow into the LA body and the LAA. During LV early filling (Figure 3B), the ventricular suction and
elastic recoil of the atrium prompt the PVs and LAA to discharge blood into the LA body and, subsequently,
into the LV. Atrial contraction (Figure 3C) keeps squeezing blood out of the LAA and the LA body and into
the ventricle, but it also creates backflow from the LA into the PVs. Figure 4 shows flow snapshots for a patient
with atrial fibrillation and an LAA thrombus, using the same format as Figure 3. In this patient, impaired atrial
expansion leads to decreased filling flow during LA diastole, particularly in the LAA (Figure 4A). Ventricular
suction creates strong fluid motion from the PVs into the ventricle during LV early filling; the LA mostly acts
as a conduit during this phase (Figure 4B). Impaired LA contractility also reduces LAA and LA body draining
into the LV during atrial systole (Figure 4C). In particular, the filling and drainage flows in the AF patient were
weaker than in the healthy subject. Furthermore, the AF patient’s LAA had a volume of 15.5 ml, which is much
larger than the LAA of the healthy subject 4.85 ml (see Table 1), and its shape was less straight. Consequently,
secondary swirling flows in the patient’s LAA were more notable than in the healthy case.

For the most part, the overall flow patterns inside the LA body were not disturbed in the non-Newtonian
CY-37 and CY-55 simulations. However, we found appreciable qualitative and quantitative differences inside
the LAA, especially in the AF patient (Figures 3-4). First, the filling and drainage LAA jets were altered when
non-Newtonian effects were considered. In the healthy subject (case 2), these differences were most noticeable
during LV relaxation and atrial systole (Figure 3B-C). In the LAA-thrombus-positive AF patient (case 5), the
differences were sustained throughout the cardiac cycle. Moreover, the secondary swirling motions in the AF
patient’s LA A showed significant alterations in the non-Newtonian simulations, including an important decrease
of velocity magnitude (Figure 4).

3.2 Blood inside the left atrial appendage continuously experiences low shear
rates consistent with non-Newtonian rheology

Reduced shear rates associated to slow blood flow inside the left atrial appendage (LAA) are thought to cause
RBC aggregates, which manifest as spontaneous contrast in clinical echocardiographic acquisitions [39, 40]. Since
low shear rates and RBC aggregates are hallmarks of non-Newtonian blood rheology, we analyzed the shear rate
S (?, t) in in our simulations. Figure 5 shows instantaneous snapshots of S (7, t) from Newtonian and CY-37
simulations. The data come from a healthy subject (case 3), a patient with decreased LA reservoir function (case
4, history of TTAs), and a patient with decreased reservoir and booster functions (case 5, thrombus positive).
The figure shows three representative phases of the cardiac cycle: left atrial (LA) diastole (left column), left
ventricular (LV) early filling (center column) and LA systole (right column). To visualize LA vortices in the atrial
body, we also represented iso-surfaces of the second invariant of the velocity gradient tensor (Q = 1000 s_2).

Given the relatively large Reynolds number and the unsteady nature of LA flow, the shear rate maps fluctuate
in space and time. However, despite these fluctuations, S (7,t) remains low (< 10 s_l) in large portions of
the LAA across the whole cardiac cycle. Since the CY-37 and CY-55 constitutive models yield v/v, = 1.3
and 2 respectively at S = 10 s~ (see Figure 2A), the S (7, t) distributions from our simulations suggest that
non-Newtonian effects could be considerable inside the LAA. The subjects with decreased atrial function had
particularly low shear rates inside their LAA. These subjects also displayed low S regions inside the atrial
body but these regions were not sustained over long times. The distributions of § (7,t) for Newtonian and
CY-37 blood simulations were similar in that they produced low shear rates inside the LAA across the whole
cardiac cycle. The LA vortex structures were qualitatively similar although there was a trend for non-Newtonian
simulations to yield increased velocities along intense vortex cores.
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Figure 3: Flow visualization of LA and LAA hemodynamics from Newtonian and non-Newtonian
simulations. Subject with normal atrial function and no LAA thrombus. Each panel displays a
snapshot of the 3-D blood flow velocity in the whole LA (top) and two amplified views of the LAA in different
orientations. In the top view, the vectors are colored according to their proximity to the right pulmonary veins
(blue), left pulmonary veins (cyan), left atrial appendage (green) and mitral valve (red). In the bottom LAA
views, the vectors are colored according to the velocity magnitude. The vectors in all views are scaled with
the velocity magnitude. Each panel also includes time histories of the flow rate through the mitral valve (red)
and the cumulative flow rate through the pulmonary veins (blue), and of the volumes of the left atrium (black)
and the left atrial appendage (grey). The magenta bullets indicate the instant of time represented in the vector
plots of each panel. The flow vectors inside the LA are represented at three instants of time. A) Atrial diastole
and peak flow rate through the pulmonary veins (t = 0.13 s). B) Left ventricular diastole and peak flow rate

through the mitral valve (E-wave, t = 0.43 s). C) Atrial systole and peak backflow rate through the pulmonary
veins (t = 0.83 s). 8
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Figure 4: Flow visualization of LA and LAA hemodynamics from Newtonian and non-Newtonian
simulations. AF patient with LAA thrombus (digitally removed before running the simulations).
Vector maps of the 3-D blood flow velocity in the whole LA (top) and two amplified views of the LAA in different
orientations, using the same format as Figure 3. A) Atrial diastole and peak flow rate through the pulmonary
veins (t = 0.09 s). B) Left ventricular diastole and peak flow rate through the mitral valve (E-wave, t = 0.52 s).
C) Atrial systole and peak backflow rate through the pulmonary veins (t = 0.84 s).
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Figure 5: Left atrial shear rate and vortex structures inside left atrium of subjects with or without
LAA thrombus and with different atrial function. Three subjects are shown, one without thrombus and
normal atrial function (panel A), one with a history of TIAs and impaired reservoir function (panel B), and
one with an LAA thrombus and both impaired reservoir and booster functions (panel C). Each panel includes
plots of the time histories of flow rate through the mitral valve (red) and the cumulative flow rate through
the PVs (blue). For each subject, instantaneous snapshots of the shear rate S are shown in two oblique plane
sections of the LAA and the LA body, indicated the sagittal view insets. Additionally, the vortex patterns inside
the LA are represented and colored according to the local velocity magnitude. Snapshots from both Newtonian
and CY-37 simulations (Carreau-Yasuda model of eq. 3, Het = 37) are included. These snapshots correspond to
three instants of time: 1) atrial diastole (i.e., peak flow rate through the pulmonary veins), 2) left ventricular
rapid filling (i.e., the E-wave, peak flow rate through the mitral valve), and 3) atrial systole (i.e., the A-wave
of left ventricular filling and peak backflow rate through the pulmonary veins). These three instants of time are
indicated with dashed vertical lines in the flow-rate plots at the left-hand-side of each panel.

3.3 Blood viscosity in Newtonian and non-Newtonian left atrial simulations

To evaluate the variations in atrial blood viscosity caused by the shear rate dependence and thixotropy of blood
rheology, we determined the normalized time-averaged kinematic viscosity over the last three heartbeats of
our simulations, (v (7)) /Ves, and mapped this quantity in two oblique intersecting plane sections of the LA
body and the LAA (Figure 6A). In addition, we plotted time histories of the median and the 25" and 75"

percentiles of v/v, inside the LA body and LAA { (t)/Voo, Figure GB} , and the probability density function of

V/Vso inside the LAA averaged in the last simulated cycle (Figure 6C). Consistent with the sustained presence of
low-shear regions inside the left atrium, the CY-37 and CY-55 simulations had higher kinematic viscosity than
the Newtonian simulation. The low-hematocrit CY-37 simulations (Figure 6, 15 column) produced moderate
increases in viscosity for healthy subjects (range 1.18-1.25, Table 2), which were mostly confined inside the
LAA. There was a trend for the CY-37 simulations to produce higher increases in viscosity in AF patients
(range 1.31-1.38, Table 2) than in healthy ones, with larger regions of elevated (v (7)) /vso inside the LAA and
and the LA body. The high-hematocrit CY-55 simulations (Figure 6, 3" column) produced significantly larger
viscosity values all over the LA body and LAA (v (7))/vee = 1.99 and 2.56 for the healthy and AF patients
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simulated, Table 2).

LAA LAA apex
Viscosity model[Hct| Vo | Ve A a n [T, (s)|o (s)| Cases [(S@) (s™) |(v(#))/veo |(Tr ) () [(TAN @) — (TN @DATY ®)) (%)|(Trimax (®)) (5)| % Vol Tg > 65 | % Vol Tg > 8s % Vol Tp > 10s|% Vol Tg > 125
1 23.85 1.00 227 8.83 8.29 0.54 0.00 0.00
2 21.04 1.00 1.63 7.04 1.39 0.00 0.00 0.00
Newtonian 004 |0.04 3 17.42 1.00 2.30 9.59 13.95 448 0.00 0.00
4 11.03 1.00 3.25 11.53 34.35 16.45 5.45 0.00
5 9.73 1.00 3.88 10.88 25.58 12.50 2.37 0.00
6 12.16 1.00 2.53 7.76 4.84 0.00 0.00 0.00
1 2293 1.18 2.87 26.91 13.63 28.61 12.46 3.53 0.34
2 17.87 1.24 1.99 2263 9.71 9.83 227 024 0.00
3 17.87 1.25 3.06 33.07 12.93 33.39 22.84 12.06 2.86
o 3710041064] 82 1064 0.2128 4 11.66 1:31 430 32.59 17.83 40.58 3242 2426 10.91
5 8.29 1.38 4.01 3.23 16.06 26.40 13.62 7.25 2.65
6 12.09 1.34 2.55 0.71 8.94 8.85 0.57 0.00 0.00
2 16.97 1.99 2.12 30.54 11.37 19.49 8.81 1.97 0.00
55|004106413313) 2 | 0.3568 3 7.33 2.56 4.65 19.72 17.44 34.58 2343 17.44 11.59
2 18.98 1.04 1.83 12.29 8.94 3.22 0.41 0.00 0.00
o 37|0041064] 82 06402128 3 | 0.6 P75 7.52 1.27 4.00 3.06 18.03 21.06 12.47 7.01 2.72
R c5 0040643313 2 |oases| 3 |og B 18.89 1.15 2.12 30.54 8.98 5.41 0.63 0.00 0.00
) i ) ) i 5 7.87 1.92 4.45 14.79 16.48 38.49 25.59 14.19 451

Table 2: Summary of blood rheology models and cases studied, including time-averaged hemo-
dynamical statistics evaluated in the left atrial appendage (LAA) and its apex. hct, hematocrit
level; Carreau-Yasuda model parameters (v, Voo, A, @ and n), and modified Carreau-Yasuda model additional
parameters (T}, and o), see section 2.3 for description; % Vol Tr > 7, percentage of volume with residence time
larger than the time threshold 7. Metrics between ( ) are time averages over the phase-averaged cardiac cycle
obtained in the three cycles highlighted with a grey shaded region in Figures 6 and 7.

Previous Newtonian CFD analyses including our own [35] suggest that LA blood residence time can be compa-
rable to the timescale associated to blood’s thixotropic behavior [58, 57]. Thus, the CY-55 and CY-37 models,
which assume steady state blood rheology, could overestimate blood viscosity in regions of low blood residence
time. To investigate how more realistic constitutive laws that consider the kinetics of RBC aggregation influence
the blood viscosity and stasis predicted by CFD analysis, we ran the two patient-specific cases of Figure 1 and
using the low CY-Tg-37 and high-hematocrit CY-Tg-55 constitutive laws (eqs. 4-5), where non-Newtonian
effects are activated based on the local residence time. As expected, the CY-T-55 model yielded viscosities
that were very close to the constant Newtonian value inside the whole LA body and the proximal part of the
LAA (4™ column of Figure 6), in stark contrast with the (v (7))/ve = 1.68-2.42 prescribed by the CY-55
model. Results obtained with model CY-Tg-37 are similar to CY-Tz-55, although the differences with respect
to CY-37 model are more attenuated due to the smaller viscosities present with the low-hematocrit constitutive
law. The next section characterizes how the viscosity variations caused by the constitutive laws we investigated
(CY-37, CY-55, CY-TR-37 and CY-Tr-55) affect the predictions of blood stasis from CFD analysis.

3.4 Blood stasis in Newtonian and non-Newtonian left atrial simulations

We examined how non-Newtonian blood rheology affects LAA blood stasis by mapping the blood residence
time obtained with the constitutive laws, and comparing it to the constant viscosity results of Garcia-Villalba
et al. [35]. The Tk maps indicate that most of the LA body’s blood pool is cleared and replenished every
1-2 cardiac cycles (Tr < 2 s, grey shades in Figure 7A). In contrast, the LAA residence time can reach large
values, particularly near the LAA apex or tip (Figure 7A) [33, 35]. The increase in residence time from the
LA body to the appendage is larger in patients with impaired atrial function, whose LAA contract and expand
weakly (Figure 7B). The LAA was also the site where the residence time maps produced by the CY-37, CY-
55, CY-Tgr-37 and CY-Tg-55 simulations differed most from their Newtonian counterparts. These results are
consistent with our findings that non-Newtonian effects are most significant inside the LAA (Figure 6), and
that these effects weaken the filling, drainage and stirring of blood inside this chamber (Figures 3 and 4). The
CY-37 and CY-55 simulations exacerbated high-Tr stagnant regions by augmenting their size and maximum
residence time. Conversely, regions of moderate or low-Tr were not affected as much. These differences were
significant even in the low hematocrit simulation, CY-37, and became more pronounced in the high hematocrit
case, CY-55. For instance, the apical LAA residence times predicted by the CY-37 simulation for the healthy
and AF cases of Figure 7 were 38% and 48% higher than their Newtonian values, respectively. These differences
were 62% and 60% when considering the CY-55 constitutive law.
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Figure 6: Left atrial viscosity for non-Newtonian different constitutive laws. A) Spatial distribution
of kinematic viscosity. Two subjects are shown, one without thrombus and normal atrial function (top), and
one with an LAA thrombus (digitally removed before running the simulations) and both impaired reservoir
and booster functions (bottom). For each subject, the time-averaged, normalized viscosity (v (?)> [Voo 18
shown in two oblique plane sections of the LAA and the LA body, similar to Figure 5. Data from simulations
with low-hematocrit CY-37 (1% column), low-hematocrit, residence-time-activated CY-Tg-37 (2"¢ column),
high-hematocrit CY-55 (3"¢ column), and high-hematocrit, residence-time-activated CY-Tx-55 (4! column)
constitutive laws are included. B) Time histories of kinematic viscosity from the healthy, thrombus-negative
subject (blue) and the thrombus-positive patient with AF shown in panel A. Data from the last 6 cycles of the
simulations are plotted, with the grey shaded region indicating the three cycles used to calculate time averages
(i.e., (v (7)) /voo in panel A and panel C). Lines represent the median and colored shaded regions are plotted
between the 25! and 75" percentiles. Solid lines indicate the LAA while dashed lines indicate the LA body.
C) Violin plots of the probability density function (shaded patches) inside the LAA, together with the median
(symbol).
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Figure 7: Left atrial blood residence time for non-Newtonian different constitutive laws. Panels of
this Figure are presented in the same format as Figure 6, but including Newtonian results in the left column.
A) Spatial distribution of residence time. B) Time histories of residence time inside the LA body and the LAA.
C) Violin plots of the probability density function inside the LAA.

We next compared the residence time predictions from CFD analysis using the CY-37/CY-55 and CY-TR-
37/CY-TR-55 constitutive laws, which prescribe similar viscosity fields inside the LAA but significantly different
ones in the LA body (Figure 6). Consistent with the idea that mass conservation dictates the LA body’s clearing
and replenishing, the CY-37/CY-55 and CY-TR-37/CY-TR-55 simulations produced similar results for Tg in
that part of the chamber. In the LAA, the residence time distributions from these simulations were also in
agreement. The overall agreement in blood stasis predictions held for both the healthy, thrombus-negative case
and the AF, thrombus-positive case.

To quantitatively evaluate the changes produced by the non-Newtonian rheology in the blood stasis, we focus
our analysis in the region with larger residence time (i.e. the LAA apex or tip). Table 2 includes the percentage
of LAA apex volume filled with Tk larger than four thresholds (6, 8, 10 and 12 s). As expected from the previous
qualitative results (Figure 7), the portions of LAA tip including T larger than the thresholds selected increases
with respect to the Newtonian simulations. The changes in those volumes are markedly case and non-Newtonian
model dependent. For instance, in the six cases studied with the model CY-37, the average increment of LAA
tip volume with Tk larger than 6 and 8 s is higher in healthy subjects (16.1% and 10.8%, respectively) than in
patients with abnormal atrial function (3,7% and 5.9%). For the two larger Tr thresholds, the later cases show
larger volume increases (7.9% for Tr > 10s and 4.5% Tr > 12s) since those values of Tk are close or above
TR,maz in the healthy subjects. The volumes of LAA tip with T larger than the four thresholds also increase
with the hematocrit when same constitutive laws are compared (i.e. CY-37 with CY-55 and CY-Tx-37 with
CY-Tr-55), specially the case with an LAA thrombus. These results highlight the two more important aspects
of considering non-Newtonian rheology when evaluating blood stasis: 1) the increment in size of regions with
higher T and 2) the higher stagnation (i.e. larger Tg) of blood in those regions compared with simulations
considering Newtonian behavior.
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Figure 8: Shear rate and Kinetic energy in the LAA for Newtonian and non-Newtonian different
constitutive laws. A) Time histories during one cardiac cycle of shear rate median and 25!"-75" percentiles
(denoted by colored shaded regions). The subject with normal atrial function (case 2) is represented with blue
lines and patches, and the subject with an LAA thrombus and abnormal atrial function (case 5) is depicted in
red. The four non-Newtonian constitutive laws are included for each case: Hct changes between rows and the
constitutive models between columns. Median and 25'"-75!" percentiles of Newtonian case for the same patient
are also included in black for comparison. B) Time histories during one cardiac cycle of kinetic energy median
and 25t"-75t" percentiles. Panels are presented in the same format than in A).

Another well-known biophysical indicator used in cardiac flow studies [29, 34| is the kinetic energy, KE =
fv % (7 . 7)dV7 where V is the volume of interest. This hemodynamic variable can be measured via medical
imaging, and low values of KE can identify possible regions with stasis. In Figure 8 we have included the median
and the 25" and 75" percentiles of S (panel A) and KE (panel B) calculated in the LAA during one cycle (time-
averaged with the cycles shaded in grey in Figure 6). The subject with normal atrial function is identified with
blue and the patient with an LAA thrombus with red. The panels include the Newtonian simulations results
depicted in black/grey for comparison with the viscous models used (CY-37, CY-55, CY-Tg-37 and CY-Tg-55).
Since S and KE are velocity-dependent variables, we are able to quantify the variations in velocities found in
the flow visualization of the LAA hemodynamics in Figures 3 and 4 by integrating them in the LAA volume.
We can observe that both cases show slightly smaller values of S and KE than in the Newtonian simulations.
In the healthy subject these differences are more pronounced during the atrial diastole and systole, while in
the case with unpaired atrial function they are sustained during the whole cycle. The contrast between the
large increase of Tk and the reduced differences in S or KE supports the idea that small differences of velocity
integrated over multiple heart beats can produce regions of blood stasis.

4 Discussion

The left atrial appendage (LAA) is regarded as the most likely thrombosis site in patients with AF who suffer
embolic strokes [59, 60]. Sustained low shear leading to increased blood viscosity could cause hemodynamics
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alterations and magnify LAA blood stasis [33, 35], a critical factor in thrombosis [61]. This study aimed to
evaluate how non-Newtonian rheology could affect left atrial (LA) hemodynamics and CFD-derived metrics
of LAA blood stasis, particularly residence time. Since Shettigar et al. [62] reported blood residence time to
examine the washout of artificial ventricles, this quantity has been used to study the efficiency of blood transport
in the cardiac chambers [63, 48, 64] and, more specifically, the risk of intracardiac thrombosis [13, 65, 35, 66,
28|. Patient-specific computational fluid dynamics (CFD) analyses are emerging as a tool to help assess LAA
thrombosis risk [6, 35, 67]. However, previous analyses have considered constant fluid viscosity, neglecting the
non-Newtonian rheology of blood at low shear rates [68].

4.1 Red blood cell aggregation in the LAA

Red blood cell (RBC) aggregation into rouleaux is a significant cause of non-Newtonian blood rheology at
low shear rates and high residence times. In vitro investigations of rouleaux formation kinetics have reported
RBC aggregation times based on light transmission and microscopic observations of individual cells between
0,5-5 s when decreasing S from 460 s=! to 7 s7! [58, 69]. Slightly larger aggregation times (10-15 s) based
on blood conductivity were found by Antonova et al. [70] when S was decreased from 94.5 s~ (enough S to
dispersed rouleaux) to 3.23 s~1. Given that RBC rouleaux increase blood’s echogenicity creating spontaneous
echocardiographic contrast (a.k.a. “smoke”) [39], there is ample clinical evidence of RBC aggregation in the left
atrium. Multiple studies have established a relationship between LAA blood stasis, echocardiographic “smoke”,
and the risk of LAA thrombosis, especially in patients with AF [71, 72, 73, 74, 61, 75, 76]. Moreover, previous
CFD analyses of LA hemodynamics have reported slow blood flow consistently report shear rates below 70 s+
and residence times above 5 s inside the LAA, which, according to data from in vitro experiments, should
cause RBC aggregation [33, 35, 67, 68]. However, there is a lack of studies evaluating the importance of non-
Newtonian blood rheology in the LA and LAA hemodynamics. Exclusively Wang et al. [77] have considered
non-Newtonian effects in their CFD simulations of blood flow inside one patient LA. Yet, they were interested
in evaluating how the LA rhythm (sinus or fibrillation) could affect the risk of thrombosis instead of addressing
the implications of blood rheology.

4.2 The range of Non-Newtonian effects: effects of hematocrit and rouleaux for-
mation kinetics

We considered constitutive relations based off the Carreau-Yasuda model (eq. 3), which has been extensively
used in previous CFD analyses of cardiovascular flows outside of the LA [78, 79, 27]. The Carreau Yasuda
model depends on several parameters that are sensitive to the hematocrit level Hct. Hematocrit, the blood’s
volume fraction occupied by RBCs, is a major determinant of blood viscosity together with flow shear rate
[36]. Normal hematocrit levels can vary among individuals within the range Het = [34, 54] depending on factors
like age and sex [55, 56]. Thus, to evaluate the extent of potential non-Newtonian effects we chose two sets of
parameter values for the Carreau-Yasuda model from the literature corresponding to Hct = 37 and Het = 55
[52, 53], which are near the lower and upper limits of the normal range. The Carreau-Yasuda model yielded
increased blood viscosity inside the LA chamber as compared to the Newtonian simulations. The differences
are especially significant inside the LAA, where the normalized average viscosity (i.e., v (2 ,t)/vss) ranged
between [1.14-1.58] for CY-37 and [1.64-3.47] for CY-55. These viscosity amplifications are consistent with
those obtained in CFD analyses of other vessels and cardiac chambers [27, 79].

Varying the hematocrit from 37 to 55 had a dramatic effect in the viscosity. Particularly, the CY-55 cases
displayed markedly increased viscosity values all throughout the LAA and the LA body. Because the blood
in the LA body is renewed every 1-2 heart beats, it could be argued that RBCs do not spend enough time at
low shear rates for rouleaux to form in this part of the chamber [37]. The Carreau-Yasuda model presumes
that rouleaux formation exclusively depends on shear rate, which is a reasonable assumption for quasi-steady
flows in simple geometries (e.g., small vessels) where low shear rate implies high residence time. However, this
assumption can break down in complex, highly unsteady flows such as those inside the cardiac chambers [63].
To consider the kinetics of rouleaux formation independently of shear rate, we ran simulations using a second
constitutive relation that only activates the Carreau-Yasuda model in regions where the blood’s residence time
is longer than T}, = 3 s (egs. 4-5). Specifically, we considered hematocrit levels Het = 37 and Het = 55 and
denoted the corresponding constitutive laws CY-Tz-37 and CY-Tg-55. These simulations produced viscosities
close to the Newtonian reference value inside the LA body. However, the LAA remained a site of significant
non-Newtonian rheology, showing normalized average viscosities of up to |v(7t) on/vee = 1.4 and 2.8 in the
CY-Tg-37 and CY-Tr-55 cases considered, respectively. Our observations in the LAA contrast with a previous
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study of abdominal aortic and intracranial aneurysms [37], which found that considering the kinetics of rouleaux
formation notably decreased shear-thinning effects. We attribute this difference to the fact that blood residence
time inside the LAA seems to be considerably longer than in aneurysms [37, 80].

4.3 Effects of non-Newtonian rheology on LA and LAA hemodynamics and blood
residence time

There is little information about the influence of blood’s shear-thinning rheology on intracardiac hemodynamics.
In the LV, clinical observation of echocardiographic “smoke” suggest RBC aggregates can form in this chamber
[81, 82], and two modeling studies have evaluated non-Newtonian effects. Doost et al. used CFD analysis to
evaluate various constitutive relations on a patient-specific LV anatomical model, finding strongly increased
blood viscosity in the apical region [79]. More recently, Riva et al. analyzed patient-specific 4-D flow MRI and
Hct measurements, reporting significant deviations from Newtonian behavior in regions of recirculating or low
velocity [83]. It should be noted that Doost et al.’s constitutive models correspond to high hematocrit (e.g.,
their Carreau model is equivalent to the present CY-55 model). Moreover, both Doost et al. and Riva et al.
neglected the kinetics of rouleaux formation. Yet, blood flow tends to be slowest and residence time tends to be
highest near the LV apex [84], and these features are exacerbated after acute myocardial infarction [13]. Thus,
the existing data suggest that non-Newtonian effects in the LV should not be discarded altogether.

The influence of blood’s shear thinning on atrial hemodynamics is even more understudied than in the LV; we
are unaware of previous flow imaging studies and we only found the beforementioned computational study of
Wang et al. [77]. Inside the atrial body, our Newtonian and non-Newtonian simulations produced similar flow
patterns even if some of the Carreau-Yasuda models considered (i.e., CY-55) yielded significantly increased
viscosity throughout the whole chamber. Likewise, T inside the LA body was not appreciably affected by
blood’s shear thinning. This behavior can be explained by considering that the main flow pattern in the LA
body consists of straight motion from the PVs to the mitral annulus. This flow pattern is largely dictated by
global mass conservation in our simulations, whose boundary conditions drive a fluid volume equal to the LV
stroke volume (LVSV) through the LA body every heartbeat. Consequently, the mean Tx inside the LA body
could be roughly approximated as Tr A—pody = LAV/ (aLV SV cycles, where LAV is the mean LA volume
and the factor a > 1 in the denominator accounts for most of the transport occurring during the E wave, which
only spans a fraction of the cycle. While this estimation neglects important details such as the E/A ratio or the
LA’s reservoir and booster functions, Figure SI 1 indicates that it is a good approximation for o &~ 2, supporting
that Tk in the LA body is dictated by global chamber mass conservation. Thus, since the LA volume, LVSV,
and E/A ratio were not changed in our non-Newtonian simulations, the overall distribution of Tk in the atrial
body was not altered by using different constitutive laws (Figure 2).

In contrast to the LA body, the LAA is a closed chamber excluded from the atrium’s blood transit conduit that
needs multiple heartbeats to be cleared and replenished. The filling and drainage jets driven by expansion and
contraction of the LAA walls play an important role in recycling the LAA’s blood pool. Since the net flow rate
through the LAA’s orifice is dictated by the time rate of change of LAA volume via mass conservation, this
mechanism should be mostly insensitive to variations in blood viscosity. However, secondary swirling flows can
also transport blood into and out of the LAA even if their associated net flux is zero. Consequently, fixed-wall
simulations and moving-wall simulations produce comparable values of blood residence time inside LAAs of the
same geometry [35]. Furthermore, while previous CFD analyses indicate that LAA residence time correlates
inversely with the LAA ejection fraction [35], this correlation is imperfect and additional factors such as LA
volume, LAA morphology, PV flow profiles, and MV have been shown to vortical patterns and residence time
inside the LAA [32, 51]. Of note, LAA morphology is a well-known stroke risk factor in patients with AF [12].
Our non-Newtonian simulations suggest that the blood shear thinning not only can affect the shape of the
filling and draining jets but also dampen the secondary swirling motions inside the whole appendage. These
differences translate into larger values of LAA residence time when non-Newtonian blood rheology is considered,
especially in the distal region near the LAA apex.

Considering different constitutive laws and hematocrit values proved useful to evaluate the influence of non-
Newtonian effects in LAA residence time. In the cases studied, the time-averaged LAA Tg varied by a factor
that ranged between 1.01-1.33 for CY-37, 1.20-1.31 for CY-55, 1.03-1.12 for CY-Tx-37, and 1.15-1.31 for CY-
Tr-55. Furthermore, larger volumes within the LAA presented high values of T when non-Newtonian effects
were considered, and the maximum value of T increased in all cases. Overall, our CFD analyses suggest that
non-Newtonian blood rheology can have important effects in the predicted values of LAA residence time even
for low hematocrit values within the normal range. We did not observe a trend for non-Newtonian effects on

16


https://doi.org/10.1101/2021.06.24.449801
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.24.449801; this version posted June 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Tr to be stronger in normal or AF subjects. This result is consistent with the notion that secondary flows
not driven by atrial wall motion are most affected by blood shear thinning. However, given the small size of
our cohort, further studies would be required to tackle this question more definitely. Large studies could also
address whether non-Newtonian effects could be more prominent depending on LAA morphology.

4.4 Study Limitations

As mentioned above, the size of our subject cohort was too small (N = 6) to statistically infer or discard
potential correlations between non-Newtonian effects and LA/LAA function or geometry. Nevertheless, the
cohort included subjects with normal LA function and a variety of LA dysfunctions (e.g., reservoir and/or
booster pump) as well as subjects in sinus rhythm and with AF. Thus, our analyses demonstrate the potential
impact of non-Newtonian blood rheology in LA hemodynamics and LAA residence time for a wide range of
patient-specific settings.

We did not input patient-specific values of heart rate in our simulations. Instead, we ran all our cases at 60 beats
per minute similar to Garcia-Villalba et al.’s [35] constant viscosity simulations, which we used as Newtonian
baseline in the present study. Heart rate is known to influence both the shear rates and residence time in the
left ventricle [85, 86], and similar dependencies are anticipated in the LA. Future studies shall address whether
these phenomena cause non-Newtonian effects in the LAA to be heart-rate dependent.

The rouleaux formation time (7},) in our constitutive laws was selected to be 3 seconds for all subjects based
on RBC aggregation times measured in experiments in vitro of human blood (Het = 30-45) using different
methods [58, 69, 70]. We selected the smaller value of RBC aggregation time found in the literature to reduce
the impact of non-Newtonian effects without completely suppress them (TM > max (Tg ?%IZ’”“”) ~1 s). This
strategy is also based on the premise that rouleaux are indeed form in the LA producing SEC in TEE [61, 76].
Furthermore, the minimum viscosity in the constitutive relationships was selected to match the viscosity of our
Newtonian simulations to ease results comparison. However, the aim of this study is to evaluate the influence
of non-Newtonian effects in the blood hemodynamics in the LA, being patient-specific simulations out of this
scope.

Besides, we did not prescribe patient-specific hematocrit values in the simulations. Instead, we considered two
values of the hematocrit representing the lower and upper limits of the normal range with the goal of assessing
the potential extent of non-Newtonian effects. We did implement patient-specific inflow/outflow boundary
conditions, with the caveat that the PV flow rates were evenly distributed to match the boundary conditions
used in Garcia-Villalba et al.’s [35] Newtonian baseline simulations. A 40% - 60% split left and right pulmonary
veins seems to be more physiological, although it does not produce significantly different LA hemodynamics
than the 50% - 50% split [51].

It should be noted that our simulations are driven by mass flux boundary conditions so that a fluid volume
equal to the patient specific LVSV transits the atrium every heartbeat. This choice implies that the external
work performed by the LA varies when the blood’s constitutive relation is varied for each subject. However,
we estimate these changes to be negligible because the maximum difference of pressure drop between the PVs
and the MV, Appys_ v, is smaller than 0.3 mmHg between our Newtonian and non-Newtonian simulations.
Considering pr4 = 10 mmHg as a representative value of total pressure in the LA [87, 88, 89|, the pressure
variations observed between the different constitutive relations used is negligible respect to the total pressure
(i.e., Appve—mv/pra < 3%).

Finally, we did not model the mitral valve as is customary in CFD analyses of LA hemodynamics [30, 90, 31,
32, 33]. The rationale for this simplification is that whole left heart simulations including the mitral valve do
not suggest that this valve does not significantly affect LA flow [17, 16].

5 Conclusions

This study evaluates the importance of considering non-Newtonian rheology in left atrial CFD hemodynamics
analyses by comparison with our previous Newtonian simulations data. We have considered four constitutive
laws to account for hematocrit effect and red blood cell aggregation formation time formation. Our simulations
consider patient-specific LA motion and kinetics extracted from 4D-CT imaging using immersed boundaries to
solve the blood flow and the resident time in the LA. Our results suggest that non-Newtonian blood rheology,
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which has been largely neglected in previous CFD analysis of LA hemodynamics, may have important effects
on blood stasis inside the left atrial appendage. Our simulations also suggest that these effects can be captured
by a relatively simple, shear-dependent, constitutive relation without the need to consider the time-scale of red
blood cell aggregate formation, and that hematocrit level has an acute effect in LAA stasis.
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Figure SI 1: Model to predict Ty inside of the LA body. Residence time (Tg) approximation based on
the mean LA volume (LAV), the LV stroke volume (LVSV), and a factor a that accounts for the fraction of
the cycle the E wave spans. Symbols identify the average value obtained for subjects with normal LA function
(normal) cases and subjects with LAA thrombus or a history of TIAs (LAAT/TIA) with each viscosity model
used (see Table 2).
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