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Atrial fibrillation (AF) is a common comorbidity in left ventricular assist device

(LVAD) patients and has been identified as a risk factor for thromboembolic

stroke. Blood stagnation within the left atrial appendage (LAA) is considered a

possible major source of thrombosis and clinical studies have shown reduced

thromboembolic risk after LAA occlusion (LAAO). Therefore, this study aims to

investigate the effect of LAAO on thrombosis-related parameters using patient-

specific simulations. Left ventricular and left atrial geometries of an LVAD

patient were obtained from computed tomography and combined with

hemodynamic data with either sinus rhythm (SR) or AF generated by a

lumped parameter model. In four simulations applying contractile walls,

stagnation volume and blood residence times were evaluated with or

without AF and with or without LAAO. Reduced atrial contraction in AF

resulted in unfavorable flow dynamics within the left atrium. The average

atrial velocity was lower for the AF simulation when compared to SR,

resulting in a 55% increase in the atrial stagnation volume (from 4.2 to

6.5 cm3). Moreover, blood remained in the LAA for more than 8 cardiac

cycles. After LAAO the atrial stagnation decreased from 4.2 to 1.4 cm3 for SR

and from 6.5 to 2.3 cm3 for the AF simulation. A significant stagnation volume

was found in the LAA for both SR and AF, with larger values occurring with AF.

These regions are known as potential sources for thrombus formation and can

be diminished by LAAO. This significantly improved the thrombus-related flow
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parameters and may also lower the risk of thromboembolic events from the

appendage.

KEYWORDS

atrial fibrillation, sinus rhythm, left atrial appendage occlusion, thromboembolic risk,
ventricular assist device, computational fluid dynamics

1 Introduction

Left ventricular assist device (LVAD) therapy is considered a

treatment for patients with end-stage heart failure and is used

either as a bridge to transplant or as destination therapy (Mancini

and Colombo, 2015). Despite the success of this treatment

(Molina et al., 2021), a high risk for thrombosis and,

consequently, stroke related mortality persists (Acharya et al.,

2017; DeVore and Stewart, 2017).

The left atrial appendage (LAA) has been considered as a

potential source of thrombus formation for atrial fibrillation (AF)

patients because of their reduced atrial contractility, which can

lead to blood stasis and platelet deposition (Blackshear and Odell,

1996). AF has also been shown to be a significant risk factor for

thromboembolic events (Stulak et al., 2013; Deshmukh et al.,

2017) affecting up to 54% of patients undergoing LVAD

implantation (Deshmukh et al., 2017).

Occlusion of the LAA has been associated with a lower risk of

thromboembolic events in AF patients undergoing cardiac

surgery (Friedman et al., 2018). For the LVAD population,

LAAO has been recommended to reduce the prevalence of

thromboembolic events, even for patients free from AF

(Deshmukh et al., 2019), however the rationale remains

hypothetical.

Computational Fluid Dynamics (CFD) has the potential to

provide some insight into the changes occurring within the heart

chambers after LAAO. Individual CFD simulations can be

performed with patient-specific models of LVAD patient’s

hearts, which can be used to investigate the influence of both

AF and LAAO on haemodynamics and blood flow. While in

several computational studies, the intraventricular flow pattern

during LVAD support was modeled without including the

essential motion of the heart wall (Chivukula et al., 2018,

2019; Liao et al., 2018a; Liao et al., 2018b; Ghodrati et al.,

2020; Ghodrati and Khienwad, 2021; Ghodrati and

Schlöglhofer, 2021), To date, no CFD simulation study has

examined the effects of AF on the contractile left heart or of

LAAO in patients with LVAD support.

In this study, a patient-specific flow-field simulation was

performed in which the contraction of the left atrium and left

ventricle was implemented by moving the endocardial wall of

these two chambers. This was used to 1) evaluate the blood flow

patterns for an LVAD patient with sinus rhythm (SR) and with

AF and 2) to investigate the post-procedure blood flow dynamics

to quantify the efficacy of LAA occlusion on thrombus-related

flow parameters.

2 Materials and methods

2.1 Patient models

The left atrium and the left ventricle of an LVAD

patient were segmented from computed tomography (CT)

images using Mimics Research 20.0 and 3-matic

Research 13.0 (Materialise, Belgium NV). The end systolic

volume of the atrium and ventricle of this patient were

169 and 295 cm3, respectively (Figure 1). The left

atrial appendage geometry was occluded virtually

(Ansys, SpaceClaim 19.3, Pennsylvania, United States)

(Figure 1).

A mitral valve model (Domenichini and Pedrizzetti, 2015)

was defined using the following parametric equations:

xv(θ, s) � R cos θ(1 − s cosφ) − εRs cosφ

yv(θ, s) � R sin θ(1 − sk cosφ)
zv(θ, s) � −s2(1 + k

2
+ ε cos θ + 1 − k

2
cos 2θ)R sinφ

In which θ is 100 points from 0 to 2π and s is 40 points from
0 to 1. ε � 0.35 shows the symmetry ratio between anterior and

posterior leaflet. k � 0.6, shows the ellipticity of the

valvular edge. φ � 60, shows the opening angle of the mitral

valve.

The created valve geometry was placed at the position and

matching the orientation of the mitral valve as defined via the CT

images.

The mitral valve was considered in the open status with a

rigid wall and the flow rate over the mitral valve was controlled

using the volume change of the left atrium and left

ventricle, leading to zero flow rate over the mitral valve

during systole.

2.2 Meshing

An unstructured tetrahedral mesh with a total of

1.5 million cells was created (Ansys Meshing, 19.3,

Pennsylvania, United States). All of the mesh elements

showed a skewness factor below 0.84 and orthogonal

quality above 0.16, which is in the recommended ranges of

the Ansys Meshing User Guide (Baker, 2016). A suitable mesh

size was chosen based on a mesh independence study, which

can be found in the Supplementary Material.

Frontiers in Physiology frontiersin.org02

Ghodrati-Misek et al. 10.3389/fphys.2022.1010862

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1010862


2.3 Haemodynamics

The haemodynamics values for a typical LVD patient under

full support were determined based on previous studies, in which

the mass flow rate over LVAD inflow cannula was 5.2 L/min,

blood pressure was equal to 83.8 ± 10.5 mmHg and heartrate was

79.3 ± 17.0 bpm (Jacquet et al., 2011; Martina et al., 2013;

Muthiah, 2015; Burrell et al., 2015; Haft et al., 2007).

Moreover, the left ventricular inflow filling pattern, E/A ratio

of 1.2 ± 0.7 was chosen from (Estep et al., 2014).

The haemodynamics were simulated using the previously

developed and published lumped parameter model (Moscato

et al., 2012). Briefly, the LPM of the circulatory system consists of

active ventricles and atria, simulated by a non-linear elastance

function, with heart valves to prevent backflow, compliant vessels

and resistances for the pulmonary and systemic vascular bed

(arterioles). The pump characteristics (pump head, pump speed

and pump output) of the HVAD (Medtronic) were implemented

with the inlet of the pump connected to the LV and the outlet of

the pump in the aorta.

To simulate the hemodynamics for a typical LVAD patient,

the following parameters in the original lumped parameter

model were adjusted: 1) Heartrate was set to 80 bpm, LV peak

iso-volumic pressure was reduced from 100 to 80 mmHg, 2) right

ventricular peak iso-volumic pressure was reduced from 80 to

50 mmHg, 3) mean circulatory pressure was reduced from

12.5 to 10 mmHg, 4) arterial systemic resistance was reduced

by 6%, and 5) To adapt the E/A ratio, the constant (alpha) for the

calculation of the end-diastolic pressure-volume relation was

increased by 70%.

For the atrial fibrillation scenario, the only change compared

to the typical LVAD patients was the deactivated LA active

contraction. The stroke volume for the AF simulation was a

result of the passive contraction of the atrium (Figure 1).

2.4 Boundary conditions and solver setup

TheNavier-Stokes equations were solved with a finite volume

approach in the CFD solver (FLUENT, Ansys 19.3, Pennsylvania,

United States) and blood flow was modeled using the Laminar

method and Newtonian fluid with a density of 1,060 kg/m3 and a

dynamic viscosity of 0.0035 Pa s was considered. The incoming

flow was delivered over the right and left pulmonary veins with a

distribution of 55 and 45%, respectively (Wong et al., 2014). The

velocity and pressure boundary conditions were imposed at both

the inlet and outlet.

The atrial and ventricular volume waveforms (Figure 1) were

assigned through user-defined functions (UDFs) to implement the

dynamics of the atrium and the ventricle. The atrial and ventricular

volume waveforms were divided in 750 equal time-steps in one

cardiac cycle. Combination of shape optimization algorithm and

dynamicmesh was used tomodel the contraction of the LA and LV.

The shape optimization is a feature in Ansys Fluent in which the

geometry is changed in order to reach a specific criterion. The shape

optimization algorithm was utilized to calculate the geometry

deformation based on the volume difference between two

consecutive time-steps. The calculated value then was used to

move the mesh vortices using dynamic mesh in which a

combination of smoothing and re-meshing methods. The

FIGURE 1
Left heart model (encircled dashed ellipsemarks LAAO) and CFD boundary conditions; PV: pulmonary vein, LA: left atrium, LV: left ventricle, MV:
mitral valve, LAA: left atrial appendage, SR: sinus rhythm, AF: atrial fibrillation, LVAD: left ventricular assist device, IC: inflow cannula.
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dynamic mesh approach in ANSYS (Ansys Fluent, 19.3,

Pennsylvania, United States) applies a form of smoothing in

which the size of the existing elements is modified until the size/

quality of the elements exceed the user defined thresholds (skewness

below 0.84, size below 2mm). In case of a large deformation, the

solver relies on re-meshing, with which new mesh elements will be

added to keep the size/quality in the defined range. The inlet and

outlet boundaries as well as the mitral valve were considered rigid.

The PISO (pressure implicit with splitting of operators)

algorithm was employed along with a second order upwind

scheme. Simulations were performed for duration of 12 cardiac

cycles with a temporal resolution of 0.001 s. The first four cardiac

cycles were defined as the initialization phase to ensure fully

developed atrial and ventricular flow after this time and were

not considered in the final data evaluation. Convergence was

observed in each time step when the residuals were below 10−3

for continuity, x-velocity, y-velocity and z-velocity. All simulations

were performed on the Vienna Scientific Cluster using 2,500 core-

hours for each simulation.

2.5 Flow parameter evaluation

The atrial and ventricular flow variation over time was

determined using the standard deviation of velocity.

Wall shear stress (WSS) within the atrium and the ventricular

surface was categorized in a low non-physiological range

(0–0.2 Pa) (Rayz et al., 2010) and physiological range

(0.2–9 Pa) (Ghodrati et al., 2020). Volumes with a time-

averaged velocity of less than 1 mm/s were defined as

stagnation volumes to highlight stasis regions (Dintenfass,

1964; Rayz et al., 2008).

Atrial and ventricular blood washout was quantified using

a virtual ink technique (Rayz et al., 2010; Prisco et al., 2017) in

which all fluid domains were initialized with an ink

concentration of 0, with a value of 1 at the inlets

representing flow of fresh blood. The rate of atrial and

ventricular washout was calculated by the percentage of old

blood in the atrium and ventricle, normalized by the atrial and

ventricular volume.

FIGURE 2
The volume and flow curves comparison between the lumped-parameter model (LPM) and computational fluid dynamics (CFD) models for
simulations with sinus rhythm (SR) and atrial fibrillation (AF).
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3 Results

3.1 Volume and flow curves

The volume changes of the LA and LV were accurately

implemented by CFD simulation leading to identical flow over

the mitral valve and LVAD cannula between CFD simulations

and LPN model. A comparison of the volume changes and flow

rate values between CFD and LPM results for the SR-LAA

and AF-LAA simulation can be seen in Figure 2. Similar

results were observed for two other simulations (SR-LAAO

and AF-LAAO).

FIGURE 3
Phasic average flow fields at Ewave (A), Diastasis (B), Awave (C) and Mid-systole (D) in a coronal plane for SR-LAA, SR-LAAO, AF-LAA and
AF-LAAO.
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3.2 Blood flow patterns

Blood flow patterns with and without atrial fibrillation and

with/without appendage occlusion were successfully

simulated and on the first view showed similar results,

however the detailed evaluation of the flow fields

showed significant differences in thrombus-related flow

parameters.

3.2.1 SR versus AF
Atrial fibrillation led to a 10% (from 6.8 cm/s to 6.1 cm/s)

reduction of the blood velocity within the atrium. At the E-wave,

due to the passive contraction of the atrium, high blood velocity

was created at the mitral valve, leading to rapid filling of the

ventricle (Figure 3A). With the onset of the diastasis phase,

formation of a recirculation zone was observed within the LAA

for both SR and AF simulations (Figure 3B). During the A-wave

FIGURE 4
(A,B) Time-averagedwall shear stress distribution at the atrial and ventricular wall (A,B), time-averaged stagnation volumewithin the atrium and
ventricle (C,D).
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this region diminished for the simulation with the sinus rhythm

due to the left atrial kick (Figure 3C). In the AF simulation,

persistence of the recirculation zone inside the LAA could be

observed until the end of the cardiac cycle (Figures 3C,D).

3.2.2 SR (LAA versus LAAO)
Occlusion of the appendage, which is a source of

recirculation zones and stasis areas, improved the atrial

haemodynamics. The average blood velocity within the atrium

increased by 5%. The standard deviation of velocity in the LAA

was five times lower than in the LA chamber (LAA: 1.1, LA:

6.2 cm/s).

3.2.3 AF (LAA versus LAAO)
The results of the AF simulation pre and post LAAO were

similar to the simulation with SR. A 6% increase in mean atrial

velocity over one cardiac cycle was observed due to the LAAO.

For the AF simulation, a six times lower standard deviation was

observed within the LAA compared to LA (LAA: 1.1, LA:

7.3 cm/s).

3.3 Wall shear stress and stagnation
volume

3.3.1 SR versus AF
With either SR or AF with intact LAA, thrombosis-related

parameters, mainly at the LAA, were found to be significant

i.e., low WSS values and high stasis volumes. These parameters

however had lower values for the simulation with SR. Atrial

fibrillation leads to an increase of 29% (from 45 to 58 cm2) on the

low WSS area (Figures 4A,B) and 55% (from 4.2 to 6.5 cm3) on

the stasis volume (Figures 4C,D) compared to the SR simulation.

3.3.2 SR (LAA versus LAAO)
Appendage occlusion resulted in a reduction of low WSS

areas and stasis volumes; the reduction of 37% (from 45 to

28 cm2) in areas with lowWSS (Figures 4A,B) and 66% reduction

(from 4.2 to 1.4 cm3) in stasis volume was observed post-LAAO

for SR (Figures 4C,D). The values within the ventricle remained

similar pre- and post-LAAO for both SR and AF (Figure 4).

3.3.3 AF (LAA versus LAAO)
Comparable results were also observed with AF; with a 32%

(from 58 to 39 cm2) reduction in low WSS areas (Figures 3A,B)

and 64% reduction (from 6.5 to 2.3 cm3) in stasis volume (Figures

4C,D). The LAAO did not influence the areas with low WSS or

stagnation volume within the ventricle (Figure 4).

The effect of atrial fibrillation on thrombosis-related flow

parameters (low WSS, stagnation volume) was mainly observed

within the left atrium. These parameters were increased with

atrial fibrillation, but were significantly decreased by occlusion of

the atrial appendage leading to more favorable condition.

3.4 Blood washout

3.4.1 SR versus AF
The blood washout which was calculated using virtual-ink

method showed similar behaviour within the left atrium for SR

and AF simulations before LAAO, after 3 cardiac cycles around

95% of the old blood was replaced with new blood. However, the

ventricular washout was slightly different. The complete

replacement of the old blood with fresh blood in the LV took

2.5 s in the SR simulation and 2.2 s in the AF simulation

(Figures 5A,B).

3.4.2 SR (LAA versus LAAO)
Occlusion of the appendage significantly accelerated the

replacement of the old blood with new blood within the

atrium (Figures 5A,B), while the blood volume exchange

within the ventricle remained similar for pre- and post-LAAO

(Figure 5C). After 2.5 s the old blood within the atrium was

replaced with new blood for LAAO while without the occlusion

3% (5 ml) of the old blood entering the LA on the first cycle

remained in the LAA.

The evaluation of the blood washout only within the

appendage showed that after 8 cardiac cycles, 8% of the old

blood entering the LAA in the first cardiac cycle remains there.

FIGURE 5
Percentage of old blood remaining within the atrium (A), a
close-up for last 5 cycles (B) and ventricle (C) over 8 cardiac cycles.
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3.4.3 AF (LAA versus LAAO)
A similar behaviour as with sinus rhythm was observed for

the atrial fibrillation after LAAO (Figure 5). After 3.2 s the

replacement of the old blood with fresh blood within the

atrium was observed for the LAAO simulation while without

the occlusion 4% (6 ml) of the old blood remained in the LAA.

Evaluation of the washout within the appendage showed that

from the 9 ml of blood entering the LAA on the first cycle, 14% of

9 ml resides there after 8 cardiac cycles (Figure 6).

4 Discussion

Clinical studies show high prevalence of AF for LVAD

patients. AF was diagnosed in 26–54% of patients before

LVAD implantation (Stulak et al., 2013; Deshmukh et al.,

2017) and 13–28% post-LVAD implantation (Hickey et al.,

2016; Deshmukh et al., 2018). Preoperative AF is associated

with an increased risk for thromboembolic events after LVAD

implantation (Stulak et al., 2013; Enriquez et al., 2014), while

postoperative AF increases the risk of ischemic stroke, and device

thrombosis in the long term after LVAD implantation

(Deshmukh et al., 2018). Surgical LAAO at the time of LVAD

implantation was linked to a decrease in thromboembolic events

which has been shown to be true with and without AF

(Deshmukh et al., 2019), however, no clinical trial data is

currently available on this issue to support the decision

making process with respect to left atrial appendage

procedures (Deshmukh et al., 2017).

This is the first study in which numerical simulations show

the effect of LAAO on flow patterns in the left heart under LVAD

support. Four simulations were performed in total: two with

normal sinus rhythm (with and without LAA) and two with AF

(with and without LAA). The hemodynamic differences and

various thrombosis-related parameters including stasis volume,

low WSS and blood residence time were computed (Rayz et al.,

2010). Since fluid dynamical parameters and its influence on the

mechanism for thrombus formation are still poorly understood,

various parameters with complementary roles were considered to

evaluate the risk of thrombosis. Low wall shear stresses show the

areas on the wall where the blood in their vicinity experiences

very low velocities and could be the origin of the thrombus

formation. However, defining a sharp threshold bears the risk to

oversimplify mechanisms and consequently on detecting the size

of stasis regions. Therefore, the stagnation volume was used for

complementary evaluation of the high-risk regions which shows

the high-risk areas within the cavity. Also, the residence time was

used to demonstrate the locations where blood resides there for a

long time, which in combination with low blood velocity, might

lead to platelet aggregation.

Reduction in the flow velocities of the left atrium and LAA

were observed for AF when compared to SR. This behavior was

also observed in 4D flowMRI analysis and was associated with an

elevated risk of stroke for AF patients (Markl et al., 2016). A flow

recirculation zone was observed in the LAA with low velocity,

leading to the formation of a stagnation volume for both SR and

AF simulations. The WSS also remained abnormally low along

the LAA wall during the entire simulation and part of the initially

injected fluid remained within the LAA for more than 8 cardiac

cycles. An increased flow residence time in a region with low

shear stresses and low velocity values may promote blood clot

formation and subsequent adhesion to the LAA wall, since the

formed clot is not transported away by the flow. The results of

this study highlight the risk of clot formation in the LAA for

LVAD patients independent of AF. This could be the reason for

the lower prevalence of thromboembolic events for patients who

received surgical LAAO at the time of LVAD implantation

(Deshmukh et al., 2019). This finding is consistent with

findings of clinical studies performed for patients with AF

who were scheduled to undergo cardiac surgery. In this study

LAAO showed larger influence than antithrombotic therapy

among high-risk AF patients with regards to risk reduction of

ischemic strokes and systemic embolism (Chen et al., 2021;

Whitlock et al., 2021).

FIGURE 6
Volume of the old blood remaining in the LAA after 8 cardiac cycles.
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The distribution of low WSS at the ventricular wall and thus

the formation of stagnant volume within the ventricular cavity

was unchanged for both SR and AF, for both occluded and

unoccluded LAAs. These results show that thrombosis-related

parameters are important in the LAA, but play a minor role in the

left ventricle.

4.1 Limitation

The evaluation was performed for one patient geometry that

allows us comparison between the sinus rhythm and atrial

fibrillation with and without LAA for LVAD patients in the

same geometry. However, There are other forms and shapes of

the LAA (Cactus, Chicken Wing, Windsock, and Cauliflower)

which likely influence the hemodynamics within the LA (Beigel

et al., 2014). Since the quality of CT scans for LVAD patients was

not sufficient for segmentation of the mitral valve and papillary

muscles, a standardized parametric mitral valve was used which

allows comparison with other studies (Liao et al., 2018a; Liao

et al., 2018b).

5 Conclusion

To conclude, this is the first study that applies moving walls

and realistic hemodynamics in order to quantitatively analyze the

effects of AF and LAAO in the LVAD population. The findings of

this study highlight the unfavorable hemodynamics at the LAA

for LVAD patients with both SR and AF. Occlusion of the LAA

significantly reduced the thrombus related flow mechanical

parameters. This procedure could be performed concomitant

with LVAD implantation and might lower the risk of

thromboembolic events caused by the appendage.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Author contributions

MG-M, TS, HS, and PA developed the concept and design of

the study. MG-M was responsible for performing CFD

simulation, post-processing of the CFD results and drafting

article. CG was responsible for providing the haemodynamics.

Data analysis and interpretation was performed by MG-M, TS,

PA, and HS. The clinical overview was provided by TS and HS.

All authors contributed to manuscript revision, read, and

approved the submitted version.

Funding

This work was partially founded by the Austrian Research

Promotion Agency (FFG): M3dRES Project No. 858060. This

work was supported by the Vienna Scientific Cluster (VSC)

Computer Network.

Conflict of interest

DZ has served as a proctor, advisor, and speaker for

Medtronic Inc., Abbott Inc., Berlin Heart, Edwards, Abiomed,

and has received research and travel grants from Medtronic Inc.

and Abbott Inc. HS has served as an advisor for Medtronic Inc.

and has received research grants from Medtronic Inc. TS has

served as a consultant and advisor for Medtronic Inc. and Abbott

Inc. and received research grants from Abbott, Medtronic and

CorWave.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of

interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphys.

2022.1010862/full#supplementary-material

Frontiers in Physiology frontiersin.org09

Ghodrati-Misek et al. 10.3389/fphys.2022.1010862

https://www.frontiersin.org/articles/10.3389/fphys.2022.1010862/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.1010862/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1010862


References

Acharya, D., Loyaga-Rendon, R., Morgan, C. J., Sands, K. A., Pamboukian, S. V.,
Rajapreyar, I., et al. (2017). INTERMACS analysis of stroke during support with
continuous-flow Left Ventricular assist devices: Risk factors and outcomes. JACC.
Heart Fail. 5 (10), 703–711. doi:10.1016/j.jchf.2017.06.014

Baker, T. J. (2016). ‘ANSYS fluent meshing user’s Guide’, 372.

Beigel, R., Wunderlich, N. C., Ho, S. Y., Arsanjani, R., and Siegel, R. J. (2014). The
left atrial appendage: Anatomy, function, and noninvasive evaluation. JACC.
Cardiovasc. Imaging 7 (12), 1251–1265. doi:10.1016/j.jcmg.2014.08.009

Blackshear, J. L., and Odell, J. A. (1996). Appendage obliteration to reduce stroke
in cardiac surgical patients with atrial fibrillation. Ann. Thorac. Surg. 61 (2),
755–759. doi:10.1016/0003-4975(95)00887-X

Burrell, A., Hayward, C., Mariani, J., Leet, A., and Kaye, D. M. (2015). Clinical
utility of invasive exercise hemodynamic evaluation in LVAD patients. J. Heart
Lung Transplant. 34 (12), 1635–1637. doi:10.1016/j.healun.2015.06.004

Chen, S., Chun, K. R. J., Ling, Z., Liu, S., Zhu, L., Wang, J., et al. (2021).
Comparison of left atrial appendage occlusion versus non-vitamin-K antagonist
oral anticoagulation in high-risk atrial fibrillation: An update. J. Cardiovasc. Dev.
Dis. 8 (6), 69. doi:10.3390/jcdd8060069

Chivukula, V. K., Beckman, J. A., Prisco, A. R., Dardas, T., Lin, S., Smith, J. W.,
et al. (2018). Left ventricular assist device inflow cannula angle and thrombosis risk.
Circ. Heart Fail. 11 (4), e004325. doi:10.1161/CIRCHEARTFAILURE.117.004325

Chivukula, V. K., Beckman, J. A., Prisco, A. R., Lin, S., Dardas, T. F., Cheng, R. K.,
et al. (2019). Small left ventricular size is an independent risk factor for ventricular
assist device thrombosis. ASAIO J. 65 (2), 152–159. doi:10.1097/MAT.
0000000000000798

Deshmukh, A., Bhatia, A., Anyanwu, E., Ota, T., Jeevanandam, V., Uriel, N., et al.
(2018). Incidence and outcomes of postoperative atrial fibrillation after left
ventricular assist device. ASAIO J. 64 (5), 581–585. doi:10.1097/MAT.
0000000000000763

Deshmukh, A., Bhatia, A., Sayer, G. T., Kim, G., Raikhelkar, J., Imamura, T., et al.
(2019). Left atrial appendage occlusion with left ventricular assist device decreases
thromboembolic events. Ann. Thorac. Surg. 107 (4), 1181–1186. doi:10.1016/j.
athoracsur.2018.09.004

Deshmukh, A., Kim, G., Burke, M., Anyanwu, E., Jeevanandam, V., Uriel, N., et al.
(2017). Atrial arrhythmias and electroanatomical remodeling in patients with left
ventricular assist devices. J. Am. Heart Assoc. 6 (3), e005340. doi:10.1161/JAHA.116.
005340

DeVore, A. D., and Stewart, G. C. (2017). The risk of stroke on left ventricular
assist device support. JACC. Heart Fail. 5 (10), 712–714. :. doi:10.1016/j.jchf.2017.
08.002

Dintenfass, L. (1964). Viscosity and clotting of blood in venous thrombosis and
coronary occlusions. Circ. Res. 14 (1), 1–16. doi:10.1161/01.RES.14.1.1

Domenichini, F., and Pedrizzetti, G. (2015). Asymptotic model of fluid–tissue
interaction for mitral valve dynamics. Cardiovasc. Eng. Technol. 6 (2), 95–104.
doi:10.1007/s13239-014-0201-y

Enriquez, A. D., Calenda, B., Gandhi, P. U., Nair, A. P., Anyanwu, A. C., and
Pinney, S. P. (2014). Clinical impact of atrial fibrillation in patients with the
HeartMate II left ventricular assist device. J. Am. Coll. Cardiol. 64 (18), 1883–1890.
doi:10.1016/j.jacc.2014.07.989

Estep, J. D., Vivo, R. P., Krim, S. R., Cordero-Reyes, A. M., Elias, B., Loebe, M.,
et al. (2014). Echocardiographic evaluation of hemodynamics in patients with
systolic heart failure supported by a continuous-flow LVAD. J. Am. Coll. Cardiol. 64
(12), 1231–1241. Available at:. doi:10.1016/j.jacc.2014.06.1188

Friedman, D. J., Piccini, J. P.,Wang, T., Zheng, J.,Malaisrie, S. C., Holmes, D. R., et al.
(2018). Association between left atrial appendage occlusion and readmission for
thromboembolism among patients with atrial fibrillation undergoing concomitant
cardiac surgery. JAMA 319 (4), 365–374. Available at:. doi:10.1001/jama.2017.20125

Ghodrati, M., Khienwad, T., Maurer, A., Moscato, F., Zonta, F., Schima, H., et al.
(2021). Validation of numerically simulated ventricular flow patterns during left
ventricular assist device support. Int. J. Artif. Organs 44 (1), 30–38. Available at:.
doi:10.1177/0391398820904056

Ghodrati, M., Maurer, A., Schloglhofer, T., Khienwad, T., Zimpfer, D., Beitzke, D.,
et al. (2020). The influence of left ventricular assist device inflow cannula position on
thrombosis risk. Artif. Organs 44 (9), 939–946. Available at:. doi:10.1111/aor.13705

Ghodrati, M., Schlöglhofer, T., Maurer, A., Khienwad, T., Zimpfer, D., Beitzke, D.,
et al. (2021). Effects of the atrium on intraventricular flow patterns during
mechanical circulatory support. Int. J. Artif. Organs 45, 421–430. Available at:.
doi:10.1177/03913988211056018

Haft, J., Armstrong, W., Dyke, D. B., Aaronson, K. D., Koelling, T. M., Farrar, D.
J., et al. (2007). Hemodynamic and exercise performance with pulsatile and
continuous-flow left ventricular assist devices. Circulation 116 (11 Suppl), I8–15.
doi:10.1161/CIRCULATIONAHA.106.677898

Hickey, K. T., Garan, H., Mancini, D. M., Colombo, P. C., Naka, Y., Sciacca, R. R.,
et al. (2016). Atrial fibrillation in patients with Left Ventricular assist devices:
Incidence, predictors, and clinical outcomes. JACC. Clin. Electrophysiol. 2 (7),
793–798. Available at:. doi:10.1016/j.jacep.2016.03.009

Jacquet, L., Vancaenegem, O., Pasquet, A., Matte, P., Poncelet, A., Price, J., et al.
(2011). Exercise capacity in patients supported with rotary blood pumps is
improved by a spontaneous increase of pump flow at constant pump speed and
by a rise in native cardiac output. Artif. Organs 35 (7), 682–690. doi:10.1111/j.1525-
1594.2011.01227.x

Liao, S., Neidlin, M., Li, Z., Simpson, B., and Gregory, S. D. (2018a). Ventricular
flow dynamics with varying LVAD inflow cannula lengths: In-silico evaluation in a
multiscale model. J. Biomech. 72, 106–115. Available at:. doi:10.1016/j.jbiomech.
2018.02.038

Liao, S., Wu, E. L., Neidlin, M., Li, Z., Simpson, B., and Gregory, S. D. (2018b) The
influence of rotary blood pump speed modulation on the risk of intraventricular
thrombosis. Artif. Organs 42 (10), 943–953. doi:10.1111/aor.13330

Mancini, D., and Colombo, P. C. (2015). Left ventricular assist devices: A rapidly
evolving alternative to transplant. J. Am. Coll. Cardiol. 65 (23), 2542–2555.
Available at:. doi:10.1016/j.jacc.2015.04.039

Markl, M., Lee, D. C., Furiasse, N., Carr, M., Foucar, C., Ng, J., et al. (2016). Left
atrial and left atrial appendage 4D blood flow dynamics in atrial fibrillation. Circ.
Cardiovasc. Imaging 9 (9), e004984. Available at:. doi:10.1161/CIRCIMAGING.116.
004984

Martina, J., de Jonge, N., Rutten, M., Kirkels, J. H., Klopping, C., Rodermans, B.,
et al. (2013). Exercise hemodynamics during extended continuous flow left
ventricular assist device support: The response of systemic cardiovascular
parameters and pump performance. Artif. Organs 37 (9), 754–762. doi:10.1111/
aor.12151

Molina, E. J., Shah, P., Kiernan, M. S., Cornwell,W. K., 3rd, Copeland, H., Takeda,
K., et al. (2021). The society of thoracic surgeons intermacs 2020 annual report.
Ann. Thorac. Surg. 111 (3), 778–792. Available at:. doi:10.1016/j.athoracsur.2020.
12.038

Moscato, F., Granegger, M., Naiyanetr, P., Wieselthaler, G., and Schima, H.
(2012). Evaluation of left ventricular relaxation in rotary blood pump recipients
using the pump flow waveform: A simulation study. Artif. Organs 36 (5), 470–478.
Available at:. doi:10.1111/j.1525-1594.2011.01392.x

Muthiah, K., Robson, D., Prichard, R., Walker, R., Gupta, S., Keogh, A. M., et al.
(2015). Effect of exercise and pump speed modulation on invasive hemodynamics
in patients with centrifugal continuous-flow left ventricular assist devices. J. Heart
Lung Transpl. 34 (4), 522–529. doi:10.1016/j.healun.2014.11.004

Prisco, A. R., Aliseda, A., Beckman, J. A., Mokadam, N. A., Mahr, C., and
Garcia, G. J. M. (2017). Impact of LVAD implantation site on ventricular blood
stagnation. ASAIO J. 63 (4), 392–400. Available at:. doi:10.1097/MAT.
0000000000000503

Rayz, V. L., BousseL, L., Ge, L., Leach, J. R., Martin, A. J., Lawton, M. T., et al.
(2010). Flow residence time and regions of intraluminal thrombus deposition in
intracranial aneurysms.Ann. Biomed. Eng. 38 (10), 3058–3069. Available at:. doi:10.
1007/s10439-010-0065-8

Rayz, V. L., BousseL, L., Lawton, M. T., Acevedo-Bolton, G., Ge, L., Young, W. L.,
et al. (2008). Numerical modeling of the flow in intracranial aneurysms: Prediction
of regions prone to thrombus formation. Ann. Biomed. Eng. 36 (11), 1793–1804.
Available at:. doi:10.1007/s10439-008-9561-5

Stulak, J. M., Deo, S., Schirger, J., Aaronson, K. D., Park, S. J., Joyce, L. D., et al.
(2013). Preoperative atrial fibrillation increases risk of thromboembolic events after
left ventricular assist device implantation. Ann. Thorac. Surg. 96 (6), 2161–2167.
Available at:. doi:10.1016/j.athoracsur.2013.07.004

Whitlock, R. P., Belley-Cote, E. P., Paparella, D., Healey, J. S., Brady, K., Sharma,
M., et al. (2021). Left atrial appendage occlusion during cardiac surgery to prevent
stroke. N. Engl. J. Med. 384 (22), 2081–2091. Available at:. doi:10.1056/
NEJMoa2101897

Wong, D. T. H., Lee, K. J., Yoo, S. J., Tomlinson, G., and Grosse-Wortmann, L.
(2014). Changes in systemic and pulmonary blood flow distribution in normal adult
volunteers in response to posture and exercise: A phase contrast magnetic
resonance imaging study. J. Physiol. Sci. 64 (2), 105–112. Available at:. doi:10.
1007/s12576-013-0298-z

Frontiers in Physiology frontiersin.org10

Ghodrati-Misek et al. 10.3389/fphys.2022.1010862

https://doi.org/10.1016/j.jchf.2017.06.014
https://doi.org/10.1016/j.jcmg.2014.08.009
https://doi.org/10.1016/0003-4975(95)00887-X
https://doi.org/10.1016/j.healun.2015.06.004
https://doi.org/10.3390/jcdd8060069
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004325
https://doi.org/10.1097/MAT.0000000000000798
https://doi.org/10.1097/MAT.0000000000000798
https://doi.org/10.1097/MAT.0000000000000763
https://doi.org/10.1097/MAT.0000000000000763
https://doi.org/10.1016/j.athoracsur.2018.09.004
https://doi.org/10.1016/j.athoracsur.2018.09.004
https://doi.org/10.1161/JAHA.116.005340
https://doi.org/10.1161/JAHA.116.005340
https://doi.org/10.1016/j.jchf.2017.08.002
https://doi.org/10.1016/j.jchf.2017.08.002
https://doi.org/10.1161/01.RES.14.1.1
https://doi.org/10.1007/s13239-014-0201-y
https://doi.org/10.1016/j.jacc.2014.07.989
https://doi.org/10.1016/j.jacc.2014.06.1188
https://doi.org/10.1001/jama.2017.20125
https://doi.org/10.1177/0391398820904056
https://doi.org/10.1111/aor.13705
https://doi.org/10.1177/03913988211056018
https://doi.org/10.1161/CIRCULATIONAHA.106.677898
https://doi.org/10.1016/j.jacep.2016.03.009
https://doi.org/10.1111/j.1525-1594.2011.01227.x
https://doi.org/10.1111/j.1525-1594.2011.01227.x
https://doi.org/10.1016/j.jbiomech.2018.02.038
https://doi.org/10.1016/j.jbiomech.2018.02.038
https://doi.org/10.1111/aor.13330
https://doi.org/10.1016/j.jacc.2015.04.039
https://doi.org/10.1161/CIRCIMAGING.116.004984
https://doi.org/10.1161/CIRCIMAGING.116.004984
https://doi.org/10.1111/aor.12151
https://doi.org/10.1111/aor.12151
https://doi.org/10.1016/j.athoracsur.2020.12.038
https://doi.org/10.1016/j.athoracsur.2020.12.038
https://doi.org/10.1111/j.1525-1594.2011.01392.x
https://doi.org/10.1016/j.healun.2014.11.004
https://doi.org/10.1097/MAT.0000000000000503
https://doi.org/10.1097/MAT.0000000000000503
https://doi.org/10.1007/s10439-010-0065-8
https://doi.org/10.1007/s10439-010-0065-8
https://doi.org/10.1007/s10439-008-9561-5
https://doi.org/10.1016/j.athoracsur.2013.07.004
https://doi.org/10.1056/NEJMoa2101897
https://doi.org/10.1056/NEJMoa2101897
https://doi.org/10.1007/s12576-013-0298-z
https://doi.org/10.1007/s12576-013-0298-z
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1010862

	Left atrial appendage occlusion in ventricular assist device patients to decrease thromboembolic events: A computer simulat ...
	1 Introduction
	2 Materials and methods
	2.1 Patient models
	2.2 Meshing
	2.3 Haemodynamics
	2.4 Boundary conditions and solver setup
	2.5 Flow parameter evaluation

	3 Results
	3.1 Volume and flow curves
	3.2 Blood flow patterns
	3.2.1 SR versus AF
	3.2.2 SR (LAA versus LAAO)
	3.2.3 AF (LAA versus LAAO)

	3.3 Wall shear stress and stagnation volume
	3.3.1 SR versus AF
	3.3.2 SR (LAA versus LAAO)
	3.3.3 AF (LAA versus LAAO)

	3.4 Blood washout
	3.4.1 SR versus AF
	3.4.2 SR (LAA versus LAAO)
	3.4.3 AF (LAA versus LAAO)


	4 Discussion
	4.1 Limitation

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


