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Introduction

The prevalence of heart failure increases over time with 
an aging population affecting at least 26 million people 
worldwide.1 In patients with advanced heart failure, 
heart transplantation is known as a standard therapy2,3 
but Left Ventricular Assist Devices (LVADs) are being 
considered as an alternative treatment for these patients 
due to the limited number of heart donors.4 Despite the 
success of this treatment5 there is still a high risk of 
thrombosis and consequently a high mortality rate from 
stroke.6,7 Non-physiological intraventricular flow 
dynamics8,9 caused by LVADs such as stasis and high 
shear stresses have been known as the risk factors for 
thrombosis.10,11
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Computational Fluid Dynamics (CFD) studies proved 
that unfavorable LVAD-related hemodynamics and throm-
bosis risk could be reduced if an optimal cannula position 
is chosen. Reduction in the stasis and consequently better 
blood washout was associated with the apical placement of 
the cannula compared to diaphragmatic positioning.12 Also 
lower stasis was observed with the longer insertion length 
when different cannula insertion depth were compared.13 
The impact of the inflow cannula angle with respect to the 
mitral-apex axis revealed significant reduction in throm-
bosis risk when inflow angulation was within 0 ± 7°.14

Although numerical simulations can be a useful tool for 
flow field analysis and for evaluation of the critical param-
eters at the location of depositions, the accuracy of the 
simulated flow fields is highly dependent on the defined 
inflow conditions. It was shown that the predicted ventric-
ular flow patterns in the healthy heart can vary signifi-
cantly if different boundary conditions are imposed at the 
mitral valve.15

The typical mitral flow condition for LVAD assisted 
ventricle is the straight flow direction at the mitral valve 
created by a cylindrical inflow (Figure 1(a)) which is con-
sidered instead of the Left Atrium (LA) (Figure 1(b)).

However, 4D Flow MRI visualization show that the 
in vivo blood flow pattern within the left atrium devel-
ops a different flow pattern at the mitral valve than a 
straight flow created by a simplified cylindrical inflow.16 
Interaction of the blood flowing from the left and right 
PV leads to formation of the vortex at the center of the 
LA17 developing an asymmetric flow jet at the MV.16 
This velocity profile was not replicable by cylindrical 
inflow and therefore leads to inaccurate ventricular flow 
prediction than the clinical in vivo measurements.16 
This evaluation was performed for the healthy heart and 
has not been studied yet for the LVAD assisted 
ventricle.

In this study the effects of the left atrium on ventricular 
flow fields in LVAD patients was investigated using CFD 
simulations of individual patient geometries with and 
without the left atrium.

Materials and methods

Patient models

The left heart (LH) and the pump of an LVAD patient 
(male, 75 years, BMI: 32.7 kg/m2 Intermacs level: 4) suf-
fering from dilated cardiomyopathy was segmented at end 
systole from computed tomography (CT) images using 
Mimics Research 20.0 and 3-matics Research 13.0 
(Materialise, Belgium NV), including the structures of the 
left atrium (volume 250 ml) and left ventricle (volume 
264 ml). The image segmentation and preparation post-
processing of the geometry was performed under the guid-
ance and supervision of a radiologist.

For the first simulation, a 30 mm diameter cylinder that 
served as a simplified representation of the LA geometry 
(Figure 1(a)) was attached to the LV, constituting the typi-
cal approach used in previous CFD studies for LVAD 
patients.13,14,18,19 The size of the cylinder (30 mm) corre-
sponds to the size of the mitral annulus deriving from 
CT-scan and placed in the position of the mitral valve 
which also derived from CT data. In the second simula-
tion, the anatomical LA was included (Figure 1(b)). The 
geometry of the HeartWare HVAD (Medtronic, 
Minneapolis, MN) inflow cannula was considered in this 
study and it was placed into the model in ANSYS, 
SpaceClaim (Ansys 19.1, Pennsylvania, USA). In order to 
have the most realistic scenario for inflow cannula place-
ment, position, and direction of the inflow cannula was 
derived from CT scans.

Meshing

An unstructured tetrahedral mesh with total 2.4 million 
cells for the LA and 3.0 million cells for LV was created 
(ANSYS Meshing 19.1, Pennsylvania, US). The suitable 
mesh size was chosen based on a mesh independence study 
which can be found in Supplemental Appendix. All of the 
mesh elements had a skewness below 0.84 and orthogonal 
quality above 0.16 which is in the recommended ranges, 
refer to the Ansys Meshing User Guide.20

Boundary conditions and solver setting

The Navier-Stokes equations were solved using the finite-
volume CFD solver (FLUENT, Ansys 19.1, Pennsylvania, 
USA). The presence of turbulence structure within the left 
heart has been a matter of debate and many CFD studies 
considered the Laminar flow regime within the LA and 
LV.13,18,21 Note that the average Reynolds number during 
cardiac cycle calculated at the pulmonary veins was 830 
with a short period of 2500 at the peak E-wave and A-wave. 
In a previous study, the laminar method showed better 
agreement with the experimental results of ventricular 
flow fields compared to the turbulence models.22 As a con-
sequence, blood was here assumed a Newtonian fluid—
with a density of 1060 kg/m3 and a dynamic viscosity of 
0.0035 Pa s—and in laminar conditions.

Simulations were performed for the duration of 9 
Cardiac Cycles (CC) and with a time step of 0.001 s which 
was chosen based on the aforementioned study.22 
Convergence was considered in each time step when the 
residuals were below 10−3 for continuity, x-velocity, 
y-velocity, and z-velocity, refer to recommended value in 
ANSYS Fluent User Guide.23 The simulations had an ini-
tialization time of 5 s with a constant flow rate of 5 L/min 
to ensure the full flow development within the left heart.

The inflow waveform (Figure 1(c)) was derived by 
lumped parameter network model simulation of a 
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typical LVAD patient24 with dilated left ventricle and 
ejection fraction less than 20%. Given very low ejection 
fraction which leads to minimal ventricular variation in 
systole versus diastole the geometry was modeled as 
rigid.

For the simplified LH the flow rate with the uniform 
profile was assigned at the inlet of the cylinder (Figure 
1(a)). For the anatomical LH it was applied at the pulmo-
nary veins replicating the ratio of the peaks of the two pul-
monary veins inflow phases observed by previous 
studies.25–27 The flow rate was distributed with a portion of 
55% from right PVs (27.5% each PV), and 45% from left 
PVs (22.5% each PV),28 (Figure 1(b)). The mass-flow rate 
boundary condition was applied at the pulmonary veins 
and outflow boundary conditions were imposed at the 
LVAD cannula. Outflow is a type of outlet boundary con-
ditions in Fluent (Ansys 19.1, Pennsylvania, USA) and 
used to model flow exits.23

A Lagrangian approach was used to track 10,000 mass-
less particles with a diameter of 3 µm19. Particles were 
injected every 0.01 s over the first cardiac cycle at the MV 
annulus (Figure 1(a) and (b), red plane). The particles were 
then tracked over nine cardiac cycles within the LV which 
allowed us to evaluate particles behavior over time in a 
cumulative manner.

The risk of platelet activation and aggregation was 
evaluated by analysis of particle trajectories inside of the 
LV. The Shear Stress Histories (SSH), equation (1), and the 
Residence Times (RT) of the particles, equation (2), were 
used as indicators for thrombogenicity.14,18

Shear Stress History

 SSH X t t dt
t

t
= ( )( )∫ τ

0

’ ’ ’,  (1)

Residence Time

 RT T Ti i
entrance

i
exit= −  (2)

Note that t0  is the time when particles enter the LV, t  is 
the time when particles leave the LV, τ  is the instantane-
ous shear stress, X t ’( )  is the location of each particle at 
time t ’, i  is the particle number, Ti

entrance  is the time at 
which particles enter the LV and Ti

exit  is the time at which 
particles leave the LV.

Statistical analysis

Descriptive statistics are presented as mean ± standard 
deviation (SD) for continuous variables and number 

Figure 1. (a) Patient-specific left heart including cylindrical inflow and left ventricle. (b) Anatomical left heart including pulmonary 
veins (PVs), left atrium and left ventricle. (Red surface shows the location of the particle injection.) (c) Blood flow rate through the 
mitral valve and PVs over one cardiac cycle.
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(percentage) for categorical variables. Where continuous 
variables were non-normally distributed, data is presented 
as median and interquartile range (IQR). Normal distribu-
tion was assessed by the Kolmogorov-Smirnov test. 
Particle residence time and shear stress history of the two 
groups (simplified LH and anatomical LH) were compared 
using the independent t-test for continuous data or the 
Mann-Whitney U-test for data that were not normally dis-
tributed. Changes of particle shear stress history over time 
(from CC1 to CC9) were analyzed by non-parametric 
Friedman test; post hoc analysis with Wilcoxon signed-
rank tests was conducted with a Bonferroni correction 
applied. Statistical analysis was performed using SPSS for 
Windows Release 26.0.0 (SPSS Inc., Chicago, IL) and 
Matlab R2017b (The MathWorks Inc.). Statistical signifi-
cance was set at p < 0.05.

This analysis was performed beatwise to compare the 
shear stress in cumulative fashion, since particles with 
longer residence time accumulate shear values for longer 
period which increase the risk of platelet activation.

Flow parameter evaluation

The flow field was visualized using time-averaged veloci-
ties over 9CC. The intra-ventricular flow fluctuations were 
calculated using root mean square of the fluctuating 
velocity.

The deviation of the flow at the mitral valve was meas-
ured at the MV using equation (3).

 ∆θ =














−cos
.

.
1 a b

a b  (3)

In which a  and b  are the 3D time-averaged velocity vec-
tors over 9CC at the mitral valve for a simplified and an 
anatomical LH, respectively.

Two established measures were used in this study to 
evaluate the risk of thromboembolism, due to the fact that 
platelet activation and consequently thrombosis is a multi-
factorial phenomenon. The first one is related to regions 
with low-velocity10,29–31 and wall shear stress (WSS)32–34 
and highlights the local regions with a high risk of platelet 
deposition and the near-wall thrombus growth. While the 
second one is based on the residence time (RT) and shear 
stresses history (SSH) of each particle14,18,35 and evaluate 
the risk of platelet activation within the whole LV.

Time averaged WSS over 9CC at the LA wall, LV wall 
and inflow cannula surface was categorized in three lev-
els36: low non-physiological range (0–0.2 Pa) which is 
related to thrombus formation,32 physiological range (0.2–
9 Pa) and high non-physiological range which leads to Von 
Willebrand Factor (VWF) degradation (>9 Pa).11

Blood stasis is one of the three factors introduced by 
Virchow’s triad contributing to thrombosis. However, 

there is currently no established velocity threshold to 
define the low-velocity volume. The threshold in this study 
was chosen to highlight any regions where low time-aver-
aged shear stresses are observed, based on the assumption 
that any particles traveling above 0 and less than 5 mm/s 
through the wedge area could possibly result in thrombosis 
because of clotting mechanisms which are activated at 
such low shear rates.

The fluid dynamics parameters were evaluated over all 
9CC, since the particles were injected at the beginning of 
the first CC.

Results

Flow structure differed markedly between the cylindrical 
inflow and the LA model. The cylindrical inflow led to 
parallel flow streamlines and therefore symmetric flow 
profile at the MV (Figure 2(a) and (c)). The streamlines 
within the LA showed the formation of a large vortex at the 
center of the LA resulting in an asymmetric flow profile at 
the MV (Figure 2(b) and (d)). The results of intra-atrial 
flow simulation and atrial vortex is supported by previous 
studies.17 In the anatomical model the pulmonary inflow 
resulted in an atrial vortex, that skewed the inflow from 5° 
to 36° over a cardiac cycle and in average by 25° at the MV 
compared to straight flow created by the cylindrical inflow 
(Figure 2(c) and (d)).

Obvious differences can be seen in the velocity distri-
bution within the LV as a result of the different inflow 
geometries. The main flow jet of the simplified LH directed 
to the inflow cannula (Figure 3(a)), while for the anatomi-
cal LH it was directed toward the septal wall (Figure 3(b)), 
leading to higher velocity distribution around the mitral 
annulus and LVOT. The straight inflow patterns in the sim-
plified LH directed the majority of flow toward the inflow 
cannula (Figure 3(c)). By contrast, with the anatomical LH 
the flow streamlines deviated toward the septum down-
stream of the MV (Figure 3(d)). Therefore, the main flow 
jet reached the apex of the LV at the septal side, creating 
higher apical washout (Figure 3(d)).

Evaluation of the fluctuation of the flow fields revealed 
that beside the flow variations created by pulsatile flow 
(can be seen within the cylindrical inflow) the geometry of 
the LA itself plays a crucial role. Inclusion of the anatomi-
cal LA imposed higher ventricular flow fluctuations 
mainly downstream of the MV when compared to the 
cylindrical inflow (Figure 3(e) and (f)).

For the simplified LH larger low-WSS areas at the Left 
Ventricular Outflow Tract (LVOT) and at the septal side of 
the LV apex were found when it compared to anatomical 
LH (Figure 4(a) and (b)), increasing the area with low 
WSS for 33% (from 79 to 105 cm2). Moreover, low non-
physiological WSS was observed over the whole wall of 
the left atrial appendage (Figure 4(c)). On the other end, 
high non-physiological shear stress was observed only at 
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the tip of the inflow cannula for both cases (Figure 4(a) 
and (b)). A large pocket of low-velocity volume was seen 
at the LVOT and at the septal side of the apex for the sim-
plified model, which was diminished for the anatomical 
model (Figure 4(d) and (e)). The low-velocity volume 
around the LVOT was formed as a large pocket, while at 
the LV apex was composed of some small pockets. In 
overall, the ventricular low-velocity volume decreased for 
40% (from 6.4 to 3.9 cm3) when cylindrical inflow section 
was replaced by LA (Figure 4(d) and (e)). A large pocket 
of low-velocity volume was also formed in the left atrial 
appendage of the anatomical atrium with some small pock-
ets all over the LA (Figure 4(f)).

Simulation of the particle trajectories revealed that the 
trajectories with the anatomical LA were longer and more 
deflected, hence not directly pointing toward the outflow. 
As a result, after three cardiac cycles 53% of particles 
approached the LVAD inflow cannula for the simplified 
model compared to 47% for the anatomic model (Figure 
5(a)). After 9CC, 15% more particles remain within the LV 
for the anatomical model compared to the simplified 
model (Figure 5(a)).

In the anatomical model particles also experienced 
higher shear stresses for all cardiac cycles (Figure 5(b) and 
(c)). The median values of SSH were compared between 
the two models (with/without LA) over separate cardiac 
cycles. An increase of 22% to 28% in SSH was observed 

over 9CC as a result of the inclusion of the anatomical LA. 
Comparison of the repeated measures (cardiac cycle) 
showed a statistically significant difference particle shear 
stress history for the simplified and anatomical model 
with, χ2(8) = 1591.9, p < 0.001 and χ2(8) = 576.3, 
p < 0.001, respectively. Post hoc analysis with Wilcoxon 
signed-rank test was conducted with a Bonferroni correc-
tion applied, resulting in a significance level set at 
p < 0.0056. Investigating changes from one cardiac cycle 
to the next, a significant increase in particle shear stress 
history was found in the simplified anatomy between CC1 
and CC2 (Z = −1.28, p < 0.001), CC2 and CC3 (Z = −1.24, 
p < 0.001), CC4 and CC5 (Z = −0.86, p < 0.001), and CC5 
and CC6 (Z = −1.02, p < 0.001). In the anatomical model, 
however, shear stress history increased significantly only 
between CC6 and CC7 (Z = −1.45, p = 0.001).

Moreover, the overall analysis of RT and SSH over nine 
cardiac cycles revealed that particles experienced 40% 
more shear stress as well as 27% longer residence time 
with the anatomical LA which were calculated from 
median values (Table 1).

Discussion

Implantation of a LVAD creates non-physiological flow 
patterns within the LV, which might lead to thrombus for-
mation and consequently to thromboembolic and 

Figure 2. First row (a,b): time-averaged flow streamline over 9CC within the inflow section and the left atrium, second row (c,d): 
time-averaged velocity vectors over 9CC at the mitral valve without and with enclosure of the left atrium.
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neurological adverse events.6,7,37 This highlights a strong 
need for evaluation of the intraventricular hemodynamics 
and flow dynamics to minimize the thrombosis risk and 
ultimately improve the clinical outcome of LVAD 
therapy.

Cardiac imaging techniques in LVAD patients are still 
limited.38 Therefore, CFD simulations are a useful tool to 
provide insights into ventricular flow fields and to evaluate 
thrombosis-related parameters during LVAD support. 
However, the accuracy and reliability of CFD simulations 
heavily depends on the correct choice of boundary 
conditions.

Previous CFD studies for LVAD-supported ventricles 
were usually performed with a cylindrical inflow sec-
tion13,14,18,19,39 which creates the situation of a straight sym-
metric flow profile at the MV (Figure 2(c)). This symmetric 
mitral flow results in more direct blood flow from the MV 
to the inflow cannula (Figure 3(c)), creating lower wash-
out and consequently larger low-velocity volume at the 
apex and LVOT when compared to the anatomical LH 
simulation (Figure 4). While the prediction of possible 
thrombus deposition locations was not the aim of this 
study, it was shown that inaccurate simulation of the blood 
stasis region could result in misprediction of these 

Figure 3. First row (a,b): time-averaged 2D ventricular flow pattern at the mid-coronal plane over 9CC. Second row (c,d): time-
averaged 3D ventricular flow pattern over 9CC. Third row (e,f): flow field fluctuations for the simplified and anatomical LH at the 
mid-coronal plane over 9CC.
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aforementioned regions with low-velocity. The inclusion 
of the LA geometry is therefore probably necessary in 
future studies if the thrombosis risk is going to be 
investigated.

By consideration of the LA in the simulation, the well-
known atrial vortex was formed at the center of the LA 
which deviated from the blood flow direction at the MV by 
25° compared to the simplified inflow (Figure 2). This 
deviation strongly influenced the flow path within the ven-
tricle, directing a major part of the flow toward the septum 
instead of the inflow cannula. As a consequence, blood 
particles developed longer and more convoluted 

trajectories, leading to higher median residence time. This 
behavior was different from the simplified LH, where 
most particles had a shorter path to the inflow cannula with 
less residence time (Table 1). Further, inclusion of the ana-
tomical left atrium resulted in an overall significant 
increase in SSH values (Table 1) and a larger proportion of 
the particles experienced exposure to high RT, indicating 
elevated risk of platelet activation and thrombus 
formation.

Moreover, consideration of the anatomical LA provides 
helpful information regarding the atrial flow field and sta-
sis within the left atrial appendage. Clinical data showed 

Figure 4. First row (a,b,c): Time-averaged wall shear stress distribution at the ventricular wall, inflow cannula surface, and atrial 
wall. Second row (d,e,f): time-averaged low-velocity volume within the ventricle and atrium for the simplified and anatomical LH.
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that the atrial appendage could be a source of thrombus in 
patients with LVAD40 and its occlusion was associated 
with reduced thromboembolic events.41

Limitation

Due to our study design, several limitations are unavoida-
ble and shall not remain unmentioned. This study was 

performed for a single patient and needs to be increased in 
the future studies to include different types of the LA. 
However, it is expected that the inclusion of the LA in gen-
eral results in different ventricular flow fields and particle 
trajectories.

The contractility of the left atrium was not considered 
in this study. However, the key feature of the intra-atrial 
flow, the atrial vortex,42 was successfully simulated. 

Figure 5. First row (a): percentage of the particles that remains in LV. Second (b) and third (c) rows: box plots of particles shear 
stress history at each cardiac cycle.
*Indicates significant difference.

Table 1. Statistical analysis of the particle residence time (RT) and shear stress history (SSH) values for all particles.

Simplified LH (n = 10,000) Anatomical LH (n = 10,000) p-Value

Particle residence time (s) 1.89 (3.09) 2.40 (3.65) <0.001
Particle shear stress history 
(Pa s)

0.30 (0.42) 0.42 (0.56) <0.001

Data presented as median (IQR).
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Additionally the ventricular flow patterns and vortex for-
mation is mainly driven by the diastolic inflow as previous 
studies showed.43

The mitral valve was not considered in the current 
model. Although the left atrium and mitral valve have 
complementary effects on ventricular flow development, 
only the left atrium was considered in this study. The mitral 
valve geometry has an influence on ventricular vortex 
development44–46 and needs to be considered in future 
studies. In summary, we consider this study as a step 
toward accurate intra-ventricular flow simulation for 
LVAD patients.

Conclusion

The geometry of the left atrium and flow from the pulmo-
nary veins play a significant role in the development of the 
ventricular blood flow dynamics. Therefore, reliable pre-
diction of local blood for stasis and thrombosis risk assess-
ment within the LV and recommendation for the optimal 
surgical configuration of LVAD devices based on CFD 
simulations requires consideration of the LA.
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