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 Background: Although LVADs are confirmed to have strong effects on aortic hemodynamics, the precise mechanisms of the 
helical flow component of LVAD outflow are still unclear.

 Material/Methods: To clarify these effects, 3 cases – normal case, flat flow case, and realistic flow case – were designed and stud-
ied by using the CFD approach. The normal case denoted the normal aorta without LVAD support, and the flat 
flow case represented the aorta with the outflow cannula. Similarly, the realistic flow case included the aortic 
model, the model of outflow cannula, and the model of LVAD. The velocity vector, blood streamline, distribu-
tion of wall shear stress (WSS), and the local normalized helicity (LNH) were calculated.

 Results: The results showed that the helical component of LVAD outflow significantly improved the aortic hemodynam-
ics. Compared with the flat flow case, the helical flow eliminated the vortex near the outer wall of the aorta 
and improved the blood flow transport (normal case 0.1 m/s vs. flat flow case 0.14 m/s vs. realistic flow case 
0.30 m/s) at the descending aorta. Moreover, the helical flow was confirmed to even the distribution of WSS, 
reduce the peak value of WSS (normal case 0.92 Pa vs. flat flow case 7.39 Pa vs. realistic flow case 5.2Pa), and 
maintain a more orderly WSS direction.

 Conclusions: The helical flow component of LVAD outflow has significant advantages for improving aortic hemodynamic sta-
bility. Our study provides novel insights into LVAD optimization.
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Background

Left ventricular assist devices (LVADs) have been widely used 
in the treatment of advanced heart failure patients [1]. It has 
been confirmed that the implantable devices can meet the 
physiological requirements of the human body, both at exer-
cise and at rest [2], and their use can reduce mortality and im-
prove quality of life [3]. Along with the development of LVADs, 
its effects on the aortic hemodynamics have attracted much 
more attention. For instance, Karmonik et al. reported the ef-
fects of LVADs outflow cannular location on the aortic hemo-
dynamic environment by using CFD [4], finding that the an-
terior geometry achieved lower stress and wall shear stress 
(WSS) than lateral geometry. Karmonik et al. studied the dif-
ferences in aortic hemodynamic environment caused by pul-
satile and continuous flow LVADs [5]. Reduced pressure and 
lower WSS in the ascending aorta were observed under pul-
satile flow LVADs versus continuous flow LVADs. Caruso et al. 
reported that the height of the anastomosis could change the 
aortic hemodynamic states [6], and the outflow graft, placed 
2 cm above the ST junction, achieved the most favorable he-
modynamic states. Similarly, Yang et al. demonstrated that a 
large increase in wall shear stress is found near the cannular 
during LVAD support [7]. Zhang et al. found that the local he-
modynamic changes, caused by the outflow cannula location of 
LVAD, regulated thrombi distribution in the aorta [8]. Currently, 
our group demonstrated that the LVADs, under pulsatile sup-
port mode, could provide significant benefit for preventing 
atherosclerosis lesions and aortic remodeling [9].

Helical flow is considered an important flow pattern in the aor-
ta [10], as the human aortic arch is curved and twisted to a 
non-planar geometry [11]. Helical flow is regarded as the ro-
tational motion of blood flow during its passage through the 
artery [12]. Helical flow has significant physiological benefits 
for the human body. For instance, Frazin reported that helical 
flow accounts for a significant amount of normal organ per-
fusion [13]. Helical blood flow was also confirmed to even the 
distribution of the aortic wall shear stress and inhibit blood 
flow stagnation [14].

Although studies were confirmed that LVADs can achieve sig-
nificant effects on aortic hemodynamic states, and helical flow 
significantly benefits the cardiovascular system, the LVAD out-
flow pattern has been assumed to be a flat flow pattern. In our 
previous study [15], we found significant helical flow compo-
nents in the LVAD outflow pattern. However, its effects on the 
aortic hemodynamic states were still unclear.

To clarify the effects of helical flow components of LVAD out-
flow on aortic hemodynamic states, we performed the pres-
ent comparative study. We designed 3 cases: a normal aorta 
(normal case), an aorta supported with flat flow pattern (flat 

flow case), and an aorta supported with realistic flow pattern 
(realistic flow case). The flow pattern, distribution of local nor-
malized helicity (LNH), wall shear stress (WSS), and the blood 
vorticity percentage distribution were calculated to reflect the 
hemodynamic changes between varied cases.

Material and Methods

Aortic model generation

In this study, 3 geometric models – normal case, flat flow case, 
and realistic flow case – were established based on the com-
puted tomography angiography (CTA) data, which was ob-
tained from an advanced heart failure patient. The informed 
consent was signed by the patient for using medical images 
in the study. The 3D aortic geometric model was reconstructed 
according to the CTA data, and then we used 3D reconstruc-
tion package MIMICS (Materialise, Belgium) to generate the 
stereolithographic files (STL format). Subsequently, the mod-
el was smoothed by using Geomagic (Geomagic, USA) to ob-
tain better surface quality (Figure 1A).

Outflow cannular diameter was set at 12 mm, according to the 
size of the LVADs outlet. The outflow cannula, assumed as a 
rigid cannula, was connected at the anterior ascending aortic 
wall (Figure1B) by using FreeForm (Geomagic, USA), a com-
mercial software package.

The LVAD, named as BJUT-I VAD, was previously designed by our 
group [16]. It consists of the housing, anterior blade, impeller, 
and the rear blade (Figure 1D). The diameter of the housing is 
12 mm, and its length is 78 mm. The gap between the impel-
ler and the housing is 0.1 mm. BJUT-I VAD was connected to 
the ascending aorta by using outflow cannula (Figure 1C). The 
geometric model of BJUT-I VAD was connected with the aortic 
model using the FreeForm package (Geomagic, USA) (Figure 1C).

Meshing generation

The grids of the 3 models were generated by utilizing the 
package Hexpress (Numeca, Belgium), which generates the 
unstructured hexahedron grids for complex geometric mod-
eling. To determine the appropriate mesh dimension, the grid 
independency tests, in which the percentage of the distribu-
tion of the blood vorticity in the whole aorta was chosen as 
the criterion, were conducted. According to the results of the 
test, 24 million hexahedral elements (LVADs 23million ele-
ments, aorta 0.69 million elements) were sufficient for this 
study (Figure 2A, 2B); the minimum size of the element was 
3.232e-12 m3. To obtain accurate flow pattern near the aor-
tic vessel, 8 boundary layers were generated (Figure 2C). The 
mesh inside of BJUT-I VAD is shown in the Figure 2D and 2E.
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Numerical approaches

The continuity equation and Reynolds averaged Navier–Stokes 
(RANS) equations were used to describe 3D incompressible 
flow [17]. The RANS equations were solved by using NUMECA 
FINE/OPEN 6.1 (Numeca, Belgium), utilizing “Frozen Rotor” ap-
proach, finite volume-based pressure-correction algorithm, and 
a second-order up-winding scheme for the convective deriva-
tives. In this numerical study, the elastic property of the aor-
tic vessel was neglected, which means the deformation of the 
aortic vessel was not considered. The velocity of the blood, 
which was connected with the aortic wall, was assumed to be 
zero (no-slip condition) in this study.

Based on the geometric size of the model, the blood density 
and the blood flow velocity, the Reynolds number (Re) in the 
BJUT-I VAD was larger than 5000, while that in the aorta was 
only less than 900. Hence, the turbulence model was neces-
sary to illustrate the inner flow pattern of LVAD. According 
to literatures, the k-w SST turbulence model, approved to be 

appropriate for calculating the turbulence flow pattern in se-
ries type LVAD and aorta, was used. Details of the k-w SST 
turbulence model and justifications of using it for aortic flow 
were reported [18]. The inlet turbulence intensity of the aor-
ta was set to be 1.5% for 3 cases to maintain the condition of 
calculation being same with each other [19].

Calculation settings

In this study, the density and viscosity of blood was set as 
1050 kg/m3 and 0.0035 Pa·s, respectively. The aortic wall was 
assumed to be no-slip rigid wall. The simulation was con-
ducted under static-state flow conditions. For normal case, 
the static flow rate 5 L/min was imposed at the aortic root 
as the inlet boundary condition (Figure 1A inlet). For flat flow 
case, the static flow rate 1L/min was imposed at the aortic 
root (Figure 1B inlet 1) and the static flow rate 4 L/min (flat 
flow pattern) was imposed at the inlet of outflow cannula 
(Figure 1B inlet 2), according to clinical practice. Similarly, for 
realistic flow case, the static flow rate 1 L/min was imposed 

A

D

B C

Figure 1.  The geometric models used in this study. (A) Is the geometric model of normal aorta. (B) Is the aortic geometric model 
supported by flat flow pattern. (C) Is the geometric model supported by realistic flow pattern. (D) Is the geometric model of 
LVAD used in this study.
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Figure 2. (A–D) The mesh of the geometric model.
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at the aortic root (Figure 1B inlet 1) and the static flow rate 4 
L/min (flat flow pattern) was used as the inlet boundary con-
dition (Figure 1B inlet 2), according to the clinical practice. In 
addition, the LVAD rotational speed was set to be 9000 RPM 
counter-clockwise to mimic the rotational behavior of the im-
peller. The zero-pressure boundary conditions were imposed 
at all of outlets of the model for the 3 cases. The convergence 
criterion in this study was set as 10–3.

Hemodynamic analysis

The hemodynamic changes between the 3 cases, the flow 
pattern, wall shear stress (WSS), and local normalized helici-
ty (LNH) were calculated.

WSS was calculated as a function of time during the cycle at 
each location, which was closed to the wall according to the 
defining relationship [20], as the equation (1):

  (1)

Where   denoted the wall shear stress, m represented the 
absolute viscosity,   was the velocity parallel to the wall, and 
the r was the radial distance from the wall.

The rotating direction of blood flow was confirmed to have 
strong relationship with the occurrence of vascular disease [21]. 
The localized normalized helicity (LNH) [22] was proposed to 
evaluate this characteristic, shown as the equation (2):

LNH(s; t) = �(�; �) � �(�; �)
|�(�; �)||�(�; �)| � �� � ��� � �  (2)

Where   was the velocity vector, represented the vorticity vec-
tor, s denoted the position, and t denote the time instant. The 
LNH value ranged from –1 to +1. –1 shows that the left-hand-
ed helical blood flow was dominant, while +1 shows that the 
right-handed helical blood flow was dominant.

Results

To evaluate the difference of aortic hemodynamic environ-
ment between the 3 cases, the blood flow pattern in the aor-
ta, distribution of the WSS, and the distribution of LNH are 
shown from Figures 3–9.

The aortic blood flow pattern

Figure 3 shows the aortic blood flow streamline under 3 cas-
es. Figure 3A is the aortic blood flow streamline under the nor-
mal case. Figure 3B shows the aortic blood flow streamline 
under the flat flow case. Figure 3C illustrates the aortic flow 
streamline under the realistic flow case. It was seen that the 
blood flow in the LVAD outflow cannula under realistic flow 
case contained an obvious helical flow component (region a), 
while that was not seen under the flat flow case, which was 
consistent with our previous study [15]. Moreover, compared 
with the normal case, obvious turbulence flow was seen under 
both flat flow case and realistic flow case (region b). In addi-
tion, 2 vortexes were seen near the graft location of the LVAD 
outflow cannula under the flat flow case (region c). However, 
under realistic flow case, 1 of them was significantly weaken 
by the helical LVAD outflow.

A B C

Figure 3.  The streamline of blood in the aorta under 3 cases. (A) illustrate the blood streamline under normal case. (B) shows the 
blood streamline under the flat flow case. (C) illustrates the blood flow streamline under realistic flow case.
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A B C

Figure 4.  The blood velocity vector in the aorta. (A) is the blood velocity vector under the normal case. (B) shows the blood velocity 
vector under the flat flow case. (C) illustrates the blood velocity vector under the realistic flow case.

A

D

B

E

C

F

Figure 5.  The distribution of WSS under 3 cases. (A, D) are the distribution of WSS under normal case. (B, E) show the distribution of 
WSS under flat flow case. (C, F) illustrates the distribution of WSS under realistic flow case.
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Figure 6.  The distribution of WSS vector in the 3 cases. (A, D) are the WSS vector distribution in the normal case. (B, E) show the WSS 
vector in the flat flow case. (C, F) illustrate the WSS vector in the realistic flow case.

A B C

Figure 7.  The distribution of LNH under 3 cases. (A) shows the distribution of LNH under normal case. (B) shows the distribution of 
LNH under flat flow case. (C) illustrates the distribution of LNH under realistic flow case.
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To further illustrate the blood flow pattern under the 3 cases, 
the blood flow velocity vector in the aortic longitudinal plane 
is shown in Figure 4. It was seen that under normal case, no 
vortex was observed in the aortic blood flow, and the blood 
flow was smooth and orderly (Figure 4A). However, under LVAD 
support, the blood flow pattern in the ascending aorta was 
significantly disturbed by the LVAD outflow. The significantly 
lower velocity region (region a) was seen under both flat flow 
case and realistic flow case (normal case 0.30 m/s vs. flat flow 
case 0.05 m/s vs. 0.08 m/s). Moreover, under flat flow case, a 
vortex was found near the outer wall of the ascending aorta 
(region a), while under realistic flow case the vortex was elimi-
nated. In addition, under flat flow case, the blood flow velocity 
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Figure 8.  The distribution of LNH in the whole domain of aorta for all cases considered. The width of the bar is 0.2 for LNH.
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Figure 9.  The distribution of blood vorticity in the whole domain of aorta for all cases considered. The width of the bar is 10 m/s2 for 
blood vorticity.

near the aortic inner wall was significantly lower compared 
with that under both realistic flow case and normal case (re-
gion b). Similarly, blood velocity in the descending aorta un-
der realistic flow case was significantly higher than that under 
flat flow case and normal case (normal case 0.1 m/s vs. flat 
flow case 0.14 m/s vs. realistic flow case 0.30 m/s) (region c).

The distribution of WSS

Figure 5 illustrates the distribution of WSS under 3 cases. 
Figure 5A and 5D illustrates the distribution of WSS under 
normal case. Figure 5B and 5E show the distribution of WSS 
under flat flow case. Figure 5C and 5F curved the distribution 
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of WSS under realistic flow case. It was seen that under LVAD 
support, the high WSS region was seen near the LVAD outflow 
cannula (region a and b). In addition, the peak value of WSS 
under flat flow case was significantly higher than that under 
both normal case and realistic flow case (normal case 0.92 Pa 
vs. flat flow case 7.39 Pa vs. realistic flow case 5.2 Pa). In con-
trast, the area of high WSS region under realistic flow case 
was larger than that under flat flow case.

Besides of the magnitude of WSS, the direction of WSS was 
also another important hemodynamic factor. Figure 6 showed 
the WSS vector obtained from 3 cases. It was seen that under 
normal case, the direction of WSS was more orderly than in 
the other 2 cases, and no disturbed WSS vector was observed. 
However, under LVAD support, the direction of WSS vector at 
the ascending aorta was significantly disturbed (region a), es-
pecially at the location where the jet of graft flow impinged 
(region c). Moreover, at the descending aorta, the WSS direc-
tion under flat flow case was obviously disturbed (region b). 
In contrast, the WSS at the descending aorta under realistic 
flow case was orderly (Figure 6C region b), which was similar 
with that under normal case.

The distribution of LNH and vorticity

Figure 7 illustrates the distribution of LNH in the aorta. Figure 7A 
illustrates the distribution of LNH under normal case. Figure 7B 
shows the distribution of LNH under flat flow case. Figure 7C 
illustrates the distribution of LNH under realistic flow case. 
It was seen that, under the normal case, the blood flow with 
clockwise rotational direction (LNH>0) predominated at the as-
cending aorta. In contrast, under LVAD support, there was a re-
gion at the proximal graft of LVAD outflow cannula, at where 
the rotational direction of the blood flow was changed from 
clockwise to counter-clockwise (region a). Among them, the 
area of the counter-clockwise region under realistic flow case 
was larger than that under flat flow case (Figure 7B region a vs. 
Figure 7C region a). In addition, the blood rotational direction 
at the descending aorta under flat flow case was disordered, 
while that under realistic flow case was more intact (region b).

A more detailed analysis is shown in Figures 8 and 9, show-
ing it is possible to quantify the LNH and blood vorticity per-
centage distribution on the entire aorta. Thus, it enabled us 
to make a more detailed analysis of the results. It was seen 
that the percentage of clockwise blood (LNH >0.6) under real-
istic flow case was increased compared with that under both 
other cases. The percentage of slight counter-clockwise blood 
flow (–0.2< LNH <0) under realistic flow case was significantly 
reduced compared with that under both other cases. In addi-
tion, Figure 9 illustrates the blood vorticity percentage distri-
bution on the entire aorta for the 3 cases considered. It was 
demonstrated that LVAD support could significantly enhance 

the blood vorticity. The percentage of high blood vorticity (vor-
ticity >20 m/s2) under normal case was lower than 15%, while 
that under flat flow case and realistic flow case was higher 
than 35% and 55%, respectively. Moreover, the effect of flow 
pattern of LVAD outflow on the blood vorticity distribution was 
quite different from each other. In flat flow case, the percent-
age of blood vorticity, which was between 10~20 m/s2, was 
significantly lower than that under normal case and realistic 
flow case (normal case: 32.6% vs. flat flow case: 20.8% vs. re-
alistic flow case: 30.9%). In contrast, in realistic flow case, the 
percentage of blood vorticity, which ranged from 0 to 10 m/s2, 
was obviously reduced compared with that under both other 
cases (normal case: 51.8% vs. flat flow case: 46.5% vs. 25.4%).

Discussion

LVADs have been widely applied in clinical practice. Although 
there are many studies on the effects of LVADs on aortic he-
modynamic states, the LVAD outflow pattern was usually con-
sidered as the flat flow pattern [5–8]. However, our previous 
studies [15,23] confirmed that there was significant helical 
flow component in the LVAD outflow. The present study for 
the first time clarifies the hemodynamic effects of the heli-
cal flow component of the LVAD outflow on the aortic hemo-
dynamic states.

Helical flow, as an important hemodynamic phenomenon, was 
firstly found in the aorta [24]. Although the helical flow was 
proven to have many advantages, its magnitude was thought 
to be attenuated along with the increase of the length of the 
vessel and cannula [25]. Because the LVAD outflow cannula 
is long, the helical component in the LVAD outflow is usually 
thought to be too small to influence the aortic hemodynam-
ics. However, the results of our study show that obvious heli-
cal flow component was included in the LVAD outflow (Figure 
3 region a). Hence, it was necessary to consider the effects of 
helical flow component of the LVAD outflow on the aortic he-
modynamics. Under flat flow case, the symmetrically paired 
and counter-rotating helices, named Dean flow pattern, was 
found in the ascending aorta (Figure 3B). This was consis-
tent with the flow pattern developing at a simple pipe bend. 
However, under realistic flow case, only single helical flow pat-
tern was observed at the ascending aorta (Figure 3C), which 
was consistent with the physiological effects of helical flow 
in cardiovascular system. According to previous studies, the 
helical flow facilitates blood flow transport and suppress flow 
turbulence [26]. In terms of blood flow transport, Stonebridge 
demonstrated that compared with flat flow pattern, helical 
flow was more efficient and require less energy to drive blood 
through the arterial system [21]. Moreover, Morbiducci et al. 
reported that helical flow in the aorta was an optional blood 
transport process to avoid excessive energy dissipation, and 
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may contribute to achieving an efficient perfusion state [22]. 
This advantage also was shown in the present study. It was 
seen that the blood velocity at the descending aorta under re-
alistic flow case was significantly higher than under flat flow 
case (Figure 4 region b). This means that the LVAD outflow, 
including helical flow component, can achieve more efficient 
blood flow transport, and then can reduce the energy dissi-
pation, which might result in platelet activation and damage 
to erythrocytes [20]. In terms of suppression of turbulence, it 
was seen that under realistic flow case, the vortex, seen at the 
outer wall of the ascending aorta under flat flow case, was sig-
nificantly attenuated (Figure 4 region a). In addition, the low 
blood velocity region, observed at the inner wall of the aortic 
arch, was eliminated by the helical flow component (Figure 
4 region b). This means that the helical component of LVAD 
outflow can suppress flow turbulence resulting from the jet-
ting flow of the LVAD.

WSS is a very important hemodynamic factor believed to have 
critical effects on regulating the structure and function of en-
dotheliocytes. For instance, Hasin et al. reported that the en-
dothelial function showed a significant and persistent decline 
under excessive WSS condition [27]. Uzarski et al. reported that 
the excessive shear stress magnitude could elicit phenotypic 
changes relevant to their critical roles in thrombosis, hemosta-
sis, and inflammation [28]. In our study, the WSS magnitude 
was found be significantly reduced under realistic flow case 
(region c), while the area of relatively high WSS was also en-
larged under realistic flow case. These changes were consis-
tent with the physiological mean of helical flow. For instance, 
Ha et al. reported that the helical flow might lead to relative 
uniformity of wall shear stress. Therefore, enhancing the he-
lical flow strength might have a benefit to reduce the peak 
value of WSS and to protect the function of endotheliocytes 
near the graft of the LVAD outflow cannula from dysfunction.

In addition to the magnitude of WSS, the direction of WSS was 
also an important factor. Peiffer demonstrated that the direc-
tionality of the wall shear stresses was a key factor that reg-
ulated the endothelial mechanotransducers and downstream 
signaling pathways [29]. Similarly, Wang demonstrated that 
the direction of hemodynamic stresses could alter the bal-
ance of pro- and anti-atherosclerotic signals within endothe-
lial cells [30]. In our study, the direction of WSS was found to 
be significantly changed by LVAD support (Figure 5). Under 
normal case, the direction of WSS was consistent with each 
other, and no disturbed WSS was seen. Under LVAD support, 
the WSS near the graft of the LVAD outlet cannula was signif-
icantly disturbed by the jetting flow from the LVAD (region a 
and c). This change might result in dysfunction of endothelial 
cells near the graft of the cannula, which should receive more 
attention in clinical practice. Moreover, the situation of the di-
rection of WSS at the descending aorta was totally different 

between flat flow case and realistic flow case (region b). Under 
the realistic flow case, the direction of WSS was more orderly 
and was similar to that in the normal case. However, the di-
rection of WSS under flat flow case was severely disordered; 
therefore, endothelial cell function might be more severely im-
paired by the flat flow case.

Traditional LVAD design usually modifies the geometry of the 
impeller and diffuser to eliminate the helical flow to improve 
the LVAD efficiency. However, our results show that the heli-
cal flow component enhances blood transport efficiency, elim-
inating the stagnant flow zone, reducing the peak value of 
WSS, and providing a more orderly WSS direction. Hence, it 
might be a novel design aim to maintain appropriate helical 
flow strength in the LVAD outflow to improve the physiologi-
cal benefit of LVADs. In addition, the combination of the novel 
LVAD design and the development of the technology for treat-
ment of cardiovascular disease [31,32] might reduce mortali-
ty and improve the quality of life.

Limitations

In this study, the geometric model was reconstructed accord-
ing to 1 patient’s data. As the aim of this study was to clari-
fy the potential physiological benefit from the helical flow of 
LVAD rather than determining the optimal level of the LVAD 
helical flow, we thought that 1 patient’s data was enough for 
this study. The changes in the geometric size of the aorta and 
the blood boundary condition were confirmed to significantly 
affect the blood pattern in the aorta. Hence, there is a need 
for further studies in which the differences of geometric char-
acteristics of the aorta and the variation on the blood bound-
ary condition are obtained from different patients.

The static CFD simulations were conducted to clarify the aortic 
hemodynamic differences between flat flow condition, normal 
condition, and realistic flow condition. Although the transient 
boundary condition was considered as more accurate for he-
modynamic study, the steady-state CFD simulations are still 
widely employed to study the aortic hemodynamics [33,34]. 
Hence, the steady-state CFD simulations also could provide 
much useful information for investigators. This study focused 
on the aortic hemodynamic changes resulting from the flat 
flow condition and helical flow condition. Hence, the steady-
state CFD simulation could provide important hemodynamic 
information for researchers.

In this study, the static pressure condition was used as the 
outlet boundary condition, and the aorta was assumed to be 
a rigid wall in which the blood flow pattern is governed by the 
pressure gradient. Hence, the static pressure condition was 
confirmed to have little effect on the accuracy of the results.
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Conclusions

To evaluate the effect of helical flow component of LVAD out-
flow on the aortic hemodynamics, 3 cases (normal case, flat 
flow case, and realistic flow case) were studied by using the 
CFD approach. The results demonstrated that the helical flow 
component in LVAD outflow significantly improved the aor-
tic hemodynamics. Compared with flat flow case, the helical 
flow eliminated the vortex near the outer wall of the aorta and 
improved the blood flow transport (normal case 0.1 m/s vs. 

flat flow case 0.14 m/s vs. realistic flow case 0.30 m/s) at the 
descending aorta. Moreover, the helical flow was confirmed 
to even the distribution of WSS, to reduce the peak value of 
WSS (normal case 0.92 Pa vs. flat flow case 7.39 Pa vs. realis-
tic flow case 5.2 Pa), and to maintain a more orderly WSS di-
rection. In short, the helical flow component of LVAD outflow 
had significant advantages for improving aortic hemodynam-
ic stability. Our study provides novel insights into LVAD opti-
mization for investigators.
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