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Abstract

This article describes the numerical efforts made to investigate the influence of a left ventricular assist device (LVAD) on the
patient-specific left heart’s hemodynamics. Two different computational geometries with left heart have been simulated over
the entire cardiac cycle (case 1: healthy heart without LVAD and case 2: diseased heart with LVAD). The blood flow was
simulated by implementing Bird-Carreau non-Newtonian model. Simulation results show that implantation of LVAD pump
imparts major influence on the hemodynamics of the heart; it also provides a cardiac output of 4.87 L/min even at the dias-
tolic phase. Furthermore, post LVAD implantation, approximately eight times more wall shear stress, is noticed at the aorta
during the ventricular systole. In particular, major changes in the fluidics are observed inside the aortic region. A possibility
of flow stagnation is noticed near the aortic root during the diastolic phase due to the bisection of incoming bloodstreams
from the outflow graft. The flow characteristics of the LVAD pump are also observed to be significantly different from the
idealized simulations (idealized tubular inlet situation). The observation of this study can help in understanding post-implant
critical hemodynamic issues due to pump performance and its subsequent impact on the heart.

Graphical abstract

A simulation approach-based study has been performed to investigate the influence of LVAD on the hemodynamics of a
heart. A 3D computational model of a patient-specific heart has been created from CT scan datasets for diastole and systole
phases (a). An axial flow blood pump has been implanted computationally into the left heart (b). The implanted blood pump
enhances the cardiac output and elevates shear generation (c) and (d).
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1 Introduction

Heart failure (HF) is a common disease, being suffered by
many across the globe. In 2014, Ambrosy et al. [1] have
reported that around 26 million peoples have suffered from
heart failure, and the number is increasing in prevalence.
Owing to the scarcity of heart donors, it is impossible to
perform a heart transplant to treat every critical stage heart
failure patient [2]. It is known that left-sided HF is the most
common type [3], mainly occurred due to the weakened left

4 Vikas Kannojiya
vkannojiya@me.iitr.ac.in

Mechanical and Industrial Engineering Department, IIT
Roorkee, Roorkee 247667, Uttarakhand, India

Department of Mechanical Engineering, IIT Kharagpur,
Kharagpur, West Bengal, India

ventricle. A left ventricular assist device (LVAD) can sup-
port the functioning of such ventricles to maintain the car-
diac circulations by delivering blood to the aorta and reduce
mortality due to heart failure [4]. LVADs also reduce the
dependency on donors for the treatment of heart patients
requiring transplantation.

Though pulsatile LVADs have their own advantages
[5], at present, continuous-flow LVADs are the most
demanded one for implantation due to their compact-
ness, reliability, and durability [6, 7]. It should be noted
that LVADs have undergone tremendous design and
technological improvements. But there is still scope of
development in design of LVADs to diminish the exist-
ing patient-related complications [8]. To understand
such complications, many numerical studies have been
performed highlighting fluidics inside the heart [9-13].
On the other hand, several researches are also being
conducted to evaluate LVAD pump performance for the
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development of new and advanced versions [14—18]. One
can note that these numerical studies are focused on either
heart or the blood pump. But simulating hemodynamic
inside a patient-specific heart supported with LVAD can
help in identifying flow-related irregularities that may
raise serious complications like clot formation, blockage,
and high shear zones.

However, such efforts are limited in literature [19-22].
Many of these studies were focused on optimal placement
of outflow connections to the heart. For instance, Kar-
monik et al. [19] investigated the effect of orientation of
outflow graft on the hemodynamics in ascending aorta.
Similarly, Aliseda et al. [20] explored the effect of out-
flow graft angle on thrombosis risk inside aorta. Recently,
Wang et al. [23] analyzed the changes in local hemody-
namic parameters inside the aorta after implantation of a
short-term LVAD (Impella CP). They have reported the
alteration of some important hemodynamic parameters
after LVAD implantation in the aorta region.

The existing literature mainly discusses about the
investigation of the influence of LVAD on the fluidics
inside the aorta only. In some rare attempts where the
alteration of fluidics in aorta after LVAD implantation
is not the main focus, Ghodrati et al. [24] investigated
on the influence of inlet cannula on the risk of thrombus
formation. They reported that a higher blood washout
to minimize the stagnation probability can be achieved
by implanting the inlet cannula at the center of ventricle
apex. In the literature, investigation of the influence of
LVAD on the entire left heart by considering the inlet
cannula and outflow graft altogether has not explored yet.
Therefore, the fluidics inside the entire left heart after
LVAD implantations require a thorough study. An LVAD
(continuous-flow LVAD) implanted heart differs from the
normal heart by pumping out the blood in both systolic
and diastolic phases. The outflow wave of LVAD’s pump
comprises the mixture of the non-pulsatile flow of pump
and pulsatile flow of heart. Furthermore, in the previ-
ous simulation-based study on LVAD pumps, the inlet
to pump is assumed to be of the tubular section. How-
ever, the ventricular flow pattern may impart a significant
effect on the blood pump inlet (as compared to the inlet
from an idealized tubular shape) [25]. Therefore, inves-
tigations can be made to explore the influence of intra-
ventricular flow on the performance of LVAD.

The present work is targeted to investigate the influ-
ence of LVAD pump on the hemodynamics of the native
heart. The patient-specific left heart has been simulated
with and without LVAD pump to analyze the change in
hemodynamic characteristics. Furthermore, emphasis has
been given to assess the fluidics inside the LVAD pump
in the implanted condition.
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2 Methods
2.1 Geometry reconstruction and meshing

To present the realistic cardiac flow, the complex-shaped
realistic heart of a healthy human being is desired as a
computational domain. Setting the same as criteria, a 3D
heart model is generated using the patient-specific medical
image datasets of a healthy human being at both diastole
and systole phases. The medical datasets were taken from
an open-source library (https://www.osirix-viewer.com).
The CT data of the patient’s heart (healthy heart having
normal coronary arteries with mild calcifications) were
taken in DICOM format. Further details of the patient-
related information were not made public for such a retro-
spective data. Ethics committee approval was not required
because all patients provided informed consent for any
research involving clinical information. The visuals of the
dataset are shown in Fig. la, in which various important
chambers are identified and marked for both diastolic and
systolic phases. An open-source image processing soft-
ware, 3D Slicer, is employed to segment the images and
extract the 3D heart domain in the systolic and diastolic
stages. The DICOM datasets contain stacks of 2D tissue
image sections which are combined to generate a 3D heart
model. The extracted 3D model has been further repaired
and cleaned up in the open-source software “Autodesk
Meshmixer (https://www.meshmixer.com)” and is shown
in Fig. 1b and c.

The extraction of mitral and aortic valve from the CT
datasets is a bit complex and difficult as they crossed other
long-axis images. Owing this difficulty, these valves are
externally designed in SolidWorks. These valves are fitted
at their usual places in the extracted left heart model. The
purpose of the valves in this work is to only allow/pre-
vent blood flow during the respective cardiac phases. The
incorporation of a real patient-specific valve may influence
the flow pattern near the valves. However, in this work,
flow near valves is not considered.

A hemodynamically improved version of the axial LVAD
pump proposed in the study of Kannojiya et al. [26] has been
considered in this work. The blood pump has been implanted
into the LH computationally by using SolidWorks. The
inducer and diffuser of the blood pump are fixed to the inner
wall of the housing, whereas the impeller is supported on a
hydrodynamic bearing with blades that have a clearance of
0.25 mm from the housing. An inflow cannula and outflow
graft of 10-mm diameter are also designed to establish a
connection between the heart and the blood pump. Blood
from LV enters the pump from the inflow cannula and leaves
to the ascending aorta via outflow graft. The entire computa-
tional domain for diastolic phase has been shown in Fig. 2a.
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(a) CT image datasets

Figure 1 a Identification of zone of interest in CT scan dataset; A
left ventricle (LV), B left atrium (LA), E aortic valve (AV), F aorta,
and G mitral valve (MV) (C and D: right ventricle and atrium; not

(b) Segmented 3D model (c) Reconstructed model

included in this study); b segmented 3D model of the left heart (LH);

and c¢ reconstructed LH model after repair for (I) diastolic phase and
(II) systolic phase.

Figure 2 a Computational
domain of LH implanted with
axial-flow LVAD blood pump
and b meshing on the compu-
tational domain for diastolic
phase.
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The computational domain has been meshed into smaller
tetrahedral elements by using ANSYS ICEM. A grid inde-
pendence study has been performed to decide about adequate
mesh size within affordable computational cost. Table 1
summarizes the outcomes of grid independence test for both
diastolic and systolic phases. It can be observed that for sys-
tole, the variation in outcomes saturates when the domain
is divided into 4.2 x 107 tetrahedral elements. On the other
hand, 3.5 10’elements are sufficient to effectively capture
the hemodynamic features in diastole. Hence, the number
of meshes has been used for discretization of domain in this
study. Further refinement in the mesh will not improve the
outcomes but yield more computational time. The gener-
ated mesh also satisfies the necessary quality conditions

(average skewness ~0.23, Jacobian ratio=1.18, element
quality =0.96, and aspect ratio ~2.80). The representation
of mesh generation for diastolic phase has been shown in
Fig. 2b.

2.2 Hemolysis estimation

To check the hemocompatibility of blood pump, a hemolysis
model was also simulated by solving the transport equation
for the entire domain (for LH with LVAD) by using Eulerian
approach. The hemolysis model used in this study was sug-
gested by Giersiepen et al. [27], which is also referred as
the power-law relation. This model represents the amount of
hemolysis as a power-law function of shear stress magnitude
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Table 1 Fluidic outcomes of the
heart implanted with LVAD at

Number of elements

At descending aorta

different grid sizes End diastole End systole
Flow rate (L/min) WSS (Pa) Flow rate (L/ WSS (Pa)
min)
7.8 x 10° 6.35 13.41 4.87 11.87
1.2 % 107 6.57 13.52 5.02 11.96
2.8 %107 6.68 13.58 5.09 12.02
3.5x 107 6.75 13.63 5.14 12.07
4.2 %107 6.80 13.67 5.14 12.09
4.4 %107 6.81 13.69 5.14 12.09

(7) and exposure time (Z,,), integrated along the path from
inlet to the concerned cell. The equation of this model to

calculate hemolysis index (HI) can be written as follows:

AHB

HI(%) = =

% =Cte, xz’ ¢))

The values of constants mentioned in the above
equation are taken from the study of Taskin et al. [28]
(C=1.21x% 107, @a=0.747, and b=2.004). They observed
only a 5% variation in the value of hemolysis index calcu-
lated by experimental and numerical methods. Furthermore,
the value HI has been utilized in the estimation of the nor-
malized index of hemolysis (NIH), which can be expressed
as follows:

NIH(g per 100 L of blood) = 100 X HI x (1 — H,,) x k
@
Here, H,, is the hematocrit (considered as 45% in this
work) and k is the hemoglobin content of the blood (150 g
L' fora healthy human) [29].

Further details of the hemolysis modeling can be found
in these studies [16, 26].

2.3 Computational setup
The simulation framework is setup by using com-

mercial finite volume CFD code ANSYS-FLUENT
16.0. A pressure-based solver is employed to solve the

hemodynamics, while the pressure—velocity coupling is
achieved using SIMPLEC scheme. The governing equation
(Navier—Stokes) is discretized at each control volume by a
second-order upwind scheme. For simplification of study,
the heart wall is assumed as rigid, and no-slip condition is
assigned to it. In this study, the LH wall (LA +LV) is static
throughout the simulation. The prime objective of includ-
ing static left heart is not to mimic the cardiac deformation
that requires a complex numerical framework. Instead, it
is included to generate complex cardiac flow.

The patient’s heart rate is assumed to be 75 beats per
minute; one cycle lasts for 800 ms. The simulation is per-
formed for three cardiac cycles. The simulation results
have been considered after three cardiac cycles to circum-
vent the initial effects. It should be noted that during the
LVAD support, the aortic valve opens once in every five
cardiac cycles [30, 31]. In this study, the cardiac cycle at
which the aortic valve is open is considered. The details
of the boundary conditions are summarized in Table 2.

The blood pump’s inlet and outlet have been assigned
an interface condition to allow the blood flow passage
through it. The pump’s straightener and diffuser were kept
stationary, whereas rotating frames are assigned to the
impeller. The impeller is linked with the adjacent blood
layer by using a suitable interface. The timesteps for the
analysis are selected as 0.04 ms to yield less than 2° rota-
tion of the pump at operating speed (8000 rpm).

Table 2 Boundary conditions

Boundary conditions  Type

for simulation setup

Normal heart

Heart with LVAD support

Systole

Diastole Systole Diastole

Pulmonary vein (Inlet)
Aorta (Outlet)
Mitral valve

Aortic valve Interface

Mass flow profile [32]
Velocity profile [33]
Wall: no slip

Wall: noslip Mass flow profile [32]
Pressure: 100 mm Hg [34]

Wall: no slip

Wall: no slip

Interface Interface

Wall: no slip Interface Wall: no slip

@ Springer



Medical & Biological Engineering & Computing (2022) 60:1705-1721

1709

Blood is a shear-thinning fluid, and its viscosity
decreases with increase of shear rate. The rheology of
blood depends on many parameters such as shear rate,
domain diameter, temperature, hematocrit (volume per-
centage of red blood cell in blood), etc. It is suggested in
many studies that blood behaves as Newtonian fluid at
shear rates higher than 100 s~!. However, it is not neces-
sary that every region of the heart is exposed to a shear
rate higher than the mentioned limit during the entire car-
diac cycle. A constant blood viscosity assumption might
not be sufficient in such a case, which was also reported
by Doost et al. [35]. Therefore, to precisely capture the
hemodynamics through the heart, the blood viscosity is
modeled by considering Carreau model [36]. This model
can effectively characterize the rheology of both the shear
thinning and shear thickening fluids. It is typically a com-
bination of Newtonian and Power-law model. This model
overcomes the shortcoming of the Power-law model and
is effective at both high and low shear rates [37]. The
governing equation for viscosity by this model can be
expressed as follows:

1=t + (Mo — Hoo) [1 4+ (A)D)] T ()

The model parameters are taken from the study of Cho
and Kensey [38] in which they have fitted the Eq. (1) with
their experimental data. The high-shear u_, and low-shear
viscosity (u,) are taken as 0.00345 Pa.s and 0.056 Pa.s,
respectively, whereas the value of time constant (1) and
power-law index (n) for the simulation has been selected
as 3.313 s and 0.3568, respectively [39, 40].

The k-¢ turbulence model along with enhanced wall
treatment approach has been employed to solve the flow
turbulence. This model is computationally inexpensive
to other widely used models such as k-o and SST mod-
els. However, it has certain shortcomings in capturing
the near-wall phenomenon. The use of enhanced wall
treatment method in the k-¢ facilitates the resolution of
near wall flow; moreover, this approach is also effec-
tive to capture both high- and low-energy flows. Many
researchers [41, 42] have adopted k-¢ model in blood flow
modeling inside the human heart. Furthermore, Jahan-
zamin et al. [13] reported that k-€ model provides more
closer prediction to the experimental findings. Even in
our previous study for optimization of pump design [26],
we have tested several turbulence models and found k-¢
model to be most accurate. Based on this literature sup-
port, though for different geometries, in present study,
we have adopted k-¢ turbulence model. The computations
are performed in series by using a Dell server (Power-
Edge R730) with Intel(R) Xeon(R) processor E5-2600
v4 (128 GB RAM).

2.4 Verification of numerical framework

To verify the accuracy of the numerical simulation, the
results of the present study are compared with the findings of
Dahl et al. [32]. They have simulated hemodynamics inside a
left atrium. In particular, the influence of pulmonary venous
location on the fluidics inside the left atrium was discussed
in their study. They have utilized different flow rates at the
pulmonary inlet veins as obtained from the mapped MR scan
datasets. A numerical simulation has been carried out by
imposing similar conditions (as mentioned in the subgraph
of Fig. 3) on our computational domain (diastolic phase of
healthy heart without LVAD). Figure 3a shows a satisfactory
comparison of the maximum transmitral velocity as obtained
in the present study and in the work of Dahl et al. [32].
Furthermore, nearly similar velocity profile has been also
noticed at the mitral plane, as shown in Fig. 3b.

In a similar attempt, the simulation framework is also
validated with the experimental findings of Sang and Zhou
[43] by considering only blood pump as the computational
domain. Sang and Zhou [43] have analyzed the performance
of axial-flow LVAD by employing xanthan gum as the work-
ing fluid using the experimental and numerical technique.
The details of the validation results can be found in our ear-
lier work [26].

3 Results and discussion

The numerical analysis has been performed for two cases:
simulation of the left heart without any LVAD support and
simulation of the left heart supported with axial LVAD. The
outcomes of both the cases have been summarized for the
two cardiac phases: systole and diastole phase. Each cardiac
phase is divided into three major intervals: early (begin-
ning), peak (middle), and end depending on the time inter-
val. The results at different intervals of both the phases at
distinct locations are discussed in the subsequent sections.

3.1 Systole phase
3.1.1 Flow inside aorta

Aorta is the largest artery responsible for transmitting blood
flow from the heart to different organs. A major change in
hemodynamics after implantation of LVAD is observed
inside the aorta. To understand this change, initially, veloc-
ity vectors are plotted at different stages of systole phase on
the middle sectional plane of the aorta for the native heart
case (without LVAD support), as shown in Fig. 4A. The
timepoints of different intervals of systole phase were also
marked in Fig. 4A; similar timepoints have been considered
in evaluation of further results at systole phase. The aortic
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Fig.3 A Comparison of fluidic outcomes with the numerical study of Dahl et al. [32]; imposed boundary conditions are shown in inset. B Con-
tours of velocity at mitral plane for a Dahl et al. [32] and b present work at different instances of diastolic phase

section experienced very random and mixed flow during the
end stage of the systolic phase. However, the flow path is
noticed to be well organized during the peak systole phase.
During the entire systole, the flow is well distributed and
unidirectional inside the aorta. However, similar is not the
case after LVAD implantation.

Figure 4B shows the velocity vectors at the aorta after
the implantation of axial LVAD. During the early systole
stage, the blood stream coming from the pump through
the graft bifurcates into two streams. A major part of the
flow advances towards the descending aorta, while a slight
flow is also noticed towards the ascending aorta. However,
as the systole phase advances, a mixing of blood streams
coming from the pump through outflow graft and left ven-
tricle through aortic root is noticed at the ascending aorta
region. It should be noted that the heart’s natural outflow
is observed to very low as compared to the pump outflow.
At the ascending aorta, a low flow region away from the
wall is formed due to the mixing of low flow from native
heart and the pump outflow. However, significant flow is
still observed near the wall regions. On the other hand, a
well-distributed but highly mixed blood wave advances from
the descending aorta to different body organs. At the end
of the systole phase, this low flow region’s intensity at the
ascending aorta is further increased as the major part of
the flow is only contributed by the blood pump. Therefore,
after the LVAD implantation, the flow profiles at the aorta
are majorly changed.

To further compare the change in hemodynamics of LH
after LVAD implantation, velocity contours are plotted at
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different sections (planes A to G) of the aorta during peak
systole for both the cases (LH with and without LVAD),
as shown in Fig. 5. Here, planes A to C represents the
ascending aorta, D and E signify the aortic arch region, and
descending aorta zone is presented by planes F and G. It
can be observed that for native heart, variation in velocity
profile at different sections of aorta is not much significant as
compared to the LVAD implanted heart. The velocity profile
appeared to be well distributed at planes A and B of Fig. 5a.
However, a low-velocity spot is noticed at the upper sec-
tion of plane C due to increase in the flow area. As the flow
further advances, it gains more momentum due to reduction
in flow area from arch region to descending aorta (planes D
to G). In these regions, not much change in the flow profile
is noticed apart from the flow magnitude. The highest mag-
nitude of velocity is noticed at plane G (2.6 m/s at 11.2%
of total plane area) as the flow domain gets narrower with
the distance.

The velocity profile of heart supported with LVAD differs
hugely from the native heart over the entire aortic region,
as represented in Fig. 5b. As most of the flow is contributed
by blood pump, some low-velocity region (nearly 0.09 m/s
at 9.3% of total plane area) is noticed in the upper section of
ascending aortic root (plane B). On the other hand, at plane
C, a sudden variation in flow profile is noticed as some of
the incoming flow streams from the graft also enters up to
this region (plane C) and gets mixed with the flow from LH.
At plane C, high velocity of 0.76 m/s is at 0.27% of total
plane area at the bottom of the plane, whereas the upper
wall region experiences low flow velocity of 0.09 m/s).
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Fig.4 A Velocity vectors at the central plane of aorta for native heart (without LVAD support), showing high flow mixing during early and end
systole. B Velocity vectors at the central plane of aorta after implantation of axial flow LVAD to the heart

Furthermore, at plane D, due to entry of blood from pump,
a high magnitude of the velocity is noticed at the aortic arch
region. This flow further advances inside the aorta and gets
well distributed to the complete domain circumferentially at
the descending aorta region (shown in planes E, F, and G).
A high-velocity region (nearly 2.57 m/s velocity at 4.57%
of the total plane area) is also observed at plane G due to
the lower cross-sectional area there, and also, the flow is
now supported by gravity. Hence, the profiles demonstrate a
significant change in the hemodynamics inside the aorta due
to the implantation of axial-flow LVAD to the LH.

The blood pump can significantly alter the cardiac output
at a particular rotational speed (8000 rpm is the operating
speed in this study). The average outflow rates are meas-
ured at different stages of the systolic phase to analyze the
change in cardiac output, as shown in Fig. 6. At the descend-
ing aorta, the blood flow rate for the normal heart (without
LVAD) is much higher (nearly 9.4 L/min) at the peak of sys-
tole phase than the early and end-systolic phases. The flow
rate profile for the normal heart at the descending aorta is in
line with the flow rate profile measured by the MRI datasets
by Bensalah et al. [44]. On the other hand, flow rate of 6.15
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Fig.5 Velocity contours over
the aorta for the A native heart
and the B heart supported with

axial flow LVAD G
O
2.660
1.995
1.330
D
F\E'"j\
G
0650 (N
0.000 4
[m s?-1]

Flow Rate (L/min)

Outflow graft
Descending aorta outlet \
3 - - - Descending aorta outlet (without LVAD)

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time (s)

Fig.6 Flow rate distribution at the outflow graft and descending
aorta during systole

L/min is noticed at the early systole for heart supported with
LVAD. At the end of systolic phase, a sharp reduction in the
outflow is noticed as the ventricle is left with lesser blood.
It has also been noticed that the implantation of blood
pump alters the ventricle unloading pattern. Figure 7 shows
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contours along a section plane to show the velocity distri-
bution at ventricle and some regions of aorta and atrium. In
normal circumstances (without LVAD), the ventricle ejects
out through the aorta only (Fig. 7b). The average velocity
at the aortic plane during the peak systole was noticed as
1.31 m/s. However, after LVAD implantation, very low flow
is noticed at the aortic root during the early systole. Fur-
thermore, as the systolic phase advances, the major fluid
transfer occurs from the ventricle apex to the aorta through
the blood pump and graft. The average velocity at the aor-
tic plane and the plane at ventricular apex during the peak
systole was noticed as 0.19 m/s and 1.27 m/s. The change
in the outflow location during systole does not affect the
heart’s ultimate purpose, i.e., providing the adequate car-
diac output to sustain the life. Though acute unloading of
left ventricle may affect the right ventricle’s contractility
[45], but as per Fig. 6, no excessive enhancement in cardiac
output is noticed. In the subsequent section, the change in
hemodynamics inside blood pump is discussed.

3.1.2 Flow inside blood pump
After the aorta, a significant change in hemodynamics is

noticed inside the blood pump. Figure 8 shows the velocity
vectors at the central plane of blood pump during different
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Fig. 7 Velocity contours plotted
along a sectional plane during
different stages of systole -

Section
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Fig. 8 Fluidics inside the axial
flow blood pump during ven-
tricular systole
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stages of ventricular systole. The impeller’s rotating action  seen that the flow distribution is uniform inside the pump at
drives the blood from the left ventricle to the pump through  the starting and peak of the systole phase (Fig. 8 a and b)).
the inflow cannula at the early systole (Fig. 8a). It can be  Eventually, the flow inlet to the pump from the ventricle is
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reduced at the end of systole, but the heart is not completely
emptied. It should be noted that the mitral valve is closed
during this phase. The majority of the flow to the pump is
coming from the downward section of the inflow cannula
which may be due to the uneven flow distribution at the
ventricular apex. Simultaneously, a low-velocity region can
also be noticed in the upper section at the inflow cannula.
This shift of flow velocity in the cannula results in forming
a low-pressure area in the upper section of the pump near
the straightener (marked in Fig. 8c). Hence, a flow reversal
is noticed at the inlet of pump due to the development of a
pressure gradient inside at the end of systolic phase. How-
ever, the pump is capable of delivering sufficient flow rate
during the entire systolic phase. The average pump output
(measured at the cannula-aorta junction) at end systole is
approximately 4.57 L/min, whereas it is 5.14 L/min for the
entire systolic phase.

The flow profile inside the blood pump varies over the
different instants of the systolic phase as the flow output of
ventricle is not uniform at every instant of systole. Gener-
ally, the LVAD pumps are widely simulated by assuming
a tubular flow inlet to the pump. We believe that the ven-
tricular flow pattern can influence the flow characteristics of
the blood pump. A simulation case of blood pump without
any load (without inflow from heart) has been executed to
investigate this. The measured average inflow and pressure
outlet (from the on-load condition results) are assigned as
the boundary condition to the pump. The velocity field after
achieving the convergence is shown in Fig. 9. As depicted
in the figure, the velocity profile inside the blood pump is
observed to follow a uniform path. The pump’s flow looks
smoother and more stable compared to the more realis-
tic case (LVAD implanted to the heart or on-load condi-
tion). This variation in flow field in the general simulation
approach may also lead to discrepancies in the actual char-
acteristics curve, generated shear, and pump efficiency. As
simulation strategies are continuously developing to enhance
the prediction accuracy; therefore, the inclusion of the left

Fig.9 Velocity vectors inside
the blood pump at off-load
condition (without implantation
to the heart)

. 2.660
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heart or left ventricle in the simulation of LVAD pumps can
open a future research area regarding the same.

3.1.3 Effect on shear generation

The implantation of LVAD not only alters the hemodynam-
ics of heart but also elevates the generated shear stress. To
observe this change, contours of wall shear stress (WSS) are
plotted at different systolic phase stages for both cases (LH
without LVAD support and LH with LVAD support) and
shown in Fig. 10. The WSS on the LH without LVAD sup-
port is observed to be significantly less than its counterpart.
The aortic sinus region experienced the highest wall shear
stress during the entire systolic phase. However, some high
shear spots were also noticed at the mitral valve annulus
during the early systole and at descending aorta during the
end of systolic phase (Fig. 10a).

After implantaion of LVAD to the LH, the distribution
of WSS changes significantly. The highest shear stress is
noticed on the blood pump. Considerable high shear spots
were also observed at the cannula, particularly at the tube’s
bending sections. However, high shear zones at heart are
very less and observed only at the mitral valve annular dur-
ing the early systole (Fig. 10b). As the systole phase further
progresses, high shear stress on the heart is almost negligi-
ble as compared to the blood pump. At the end of systole
phase, average WSS of 97 Pa was noticed at 6.21% vol-
ume of the heart supported with LVAD, majorly located at
the LVAD pump (nearly at 27% volume of LVAD pump),
whereas around 2.73 Pa WSS was observed at 1.79% vol-
ume of the heart (without LVAD). In particular, for aorta
region, the average WSS for the normal heart was observed
to 2.3 Pa. Similar range of WSS at the aorta for large number
of patient’s population (n=224) is also reported by Cal-
laghan and Grieve [46]. On the other hand, for the LVAD
implanted heart, the average WSS elevates to 16.84 Pa. The
magnitude of WSS is in agreement with the WSS observed
at the aorta in the study of Karmonik et al. [19]. It should
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be noted that higher shear stress can damage the blood cells
and may lead to hemolysis.

The normalized index of hemolysis (NIH) calculated
at the outlet of blood pump, graft outlet, and ascending
aorta was found to be 0.0091 g/100 L, 0.0069 g/100 L, and
0.0048 g/100L, respectively, Though, the implanted LVAD
significantly elevates the shear stress inside the heart. How-
ever, the index of hemolysis is well within the permissible
limit (0.01 g/100 L for long-term implantable device [47]).

Furthermore, investigations on the change in heart’s
hemodynamics due to LVAD implantation are also carried
out for the diastolic phase, as discussed in the next section.

3.2 Diastole phase
3.2.1 Flow inside the aorta

After implantation of continuous-flow LVAD, the aorta
transfers blood flow to other organs at both the systole
and diastole phases, during the diastolic phase, as the
aortic valve is closed; therefore, no blood flow is noticed
from the native heart. However, the pump is continuously
delivering the blood to the aorta. To understand the flu-
idics during the diastole phase, velocity vectors (scaled
to the same velocity magnitude as observed during sys-
tole phase) are plotted at the central plane of the aorta,
as shown in Fig. 11. It can be seen from the figure that
the bloodstreams entering the aorta from the cannula get
bisected into two streams (Fig. 11a). The flow streams
are now moving toward the descending aorta and also
towards the aortic root, simultaneously. However, as the

Early Systole

Peak Systole End Systole

(a) LH without LVAD support

(b) LH with LVAD support

aortic valve is closed during the diastole phase, the blood-
streams are restricted to the aortic root only. As the dias-
tolic phase progresses further, flow reversal in the second
bloodstream (towards the aortic root) is noticed (Fig. 11b).
The flow vectors started to change their direction from
being towards the aortic root to the ascending aorta due to
the development of an adverse pressure gradient. This phe-
nomenon is further accelerating at the end of the diastolic
phase, and mixing of blood streams is noticed, as shown
in Fig. 11c. The blood near the aortic root probably gets
mixed with the natural flow from the ventricle and car-
ried forward during the next systolic phase (as the aortic
valve opens during the systole). Hence, a major change in
the hemodynamics of LH is noticed at both systolic and
diastolic phase.

The pump is capable of delivering an adequate flow
rate (required as per the human physiology) during the
diastolic phase. The measured average flow rate at the
descending aorta is observed to be 4.87 L/min. The vari-
ation in flow rates at different intervals of the diastolic
phase is represented in Fig. 12. At the early diastole, lesser
outflow is noticed due to the lower availability of the blood
at the ventricle. However, as the diastole further advances,
the ventricle starts to fill with blood, and the blood pump’s
outflow increases nearly by 50%. The discharge gets sta-
bilized, and an almost constant flow rate is noticed during
peak and end systole. Significant enhancement in the car-
diac output during diastolic phase is noticed after LVAD
implantation. However, this enhancement comes at the
cost of higher shear generation, as discussed in the fur-
ther subsection.

@ Springer
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Fig. 11 Velocity vectors at the central plane of aorta, showing flow bisection during diastole
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Fig. 12 Flow rate distribution at the blood pump outlet and descend-
ing aorta during diastole

3.2.2 Effect on shear generation

The influence of LVAD implantation on the shear stress
generation is also investigated for the diastolic phase. Fig-
ure 13 shows the contours of WSS for LH with and with-
out LVAD support plotted at different instants of diastolic
phase. Again, a significant change in the magnitude of
shear stress and its generation pattern is observed due to
LVAD implantation. For a normal heart (without LVAD),
it is noticed that high shear spots are only observed at
very few locations of the heart and are majorly located at
the mitral valve annulus and aortic sinus (Fig. 13a). The
average WSS on the normal heart was observed as 1.71 Pa
and located at only 1.22% volume of the heart. The other

@ Springer

regions of heart wall have experienced comparatively
much lesser shear.

On the other hand, the maximum WSS for the LVAD-
supported heart is mainly concentrated on the blood pump.
However, significant shear is also noticed on the cannula;
regions like ventricle-cannula junction and the bending cur-
vature are the most affected zones (Fig. 13b). Some high
shear zones are also noticed near the ascending and arch
region of the aorta during the peak diastole. The same is
eventually reduced at the end of the diastolic phase and is
observed to be spread over lesser regions. The possible rea-
son for such high shear in the all the mentioned locations is
the sudden change in the blood flow domain. For the entire
domain, the average WSS was noticed as 78.43 Pa and was
spread over 1.53% volume of the entire domain.

The quantitative distribution of average WSS on ven-
tricle and aorta (ascending + arch + descending) of the left
heart is represented in Fig. 14. It can be noticed that for the
heart without LVAD, ventricle experiences are more WSS
than the aorta. Due to the no-flow condition at the aorta
during diastolic phase, the WSS at the aorta was observed
to be negligible. However, when the heart is supported
with LVAD, the WSS generation on both the ventricle and
aorta elevates to significantly higher values. For instance,
at the ventricle, nearly 18.1 times more WSS is noticed
after LVAD implantation. The majority of the high shear
zone is focussed only on the ventricle apex. On the other
hand, at the aorta, WSS increases drastically from neg-
ligibile (in case of without LVAD support) to approxi-
mately 11.9 Pa (average is taken for entrire diastolic
phase) after the LVAD implantation. The NIH calculated
at the outlet of blood pump, graft outlet, and ascending
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Fig. 13 Shear generation on the
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aorta were found to be 0.0091 g/100 L, 0.0077 g/100 L,
and 0.0049 g/100L, respectively. The obtained NIH value
is lesser than the permissible limit of NIH suggested by
the US food and drug administration (0.01 g/100 L) [45].
Therefore, despite the elevated shear generation, the axial-
flow LVAD seems to be safe from hemolysis perspective.
Furthermore, in the subsequent section, the fluidic charac-
teristics inside the blood pump are also investigated during
the diastolic phase.

3.2.3 Flow inside blood pump

Continuous-flow blood pump delivers the cardiac output
even in the diastolic phase. In this phase, as the mitral valve
opens, the ventricle starts to fill with this blood coming
from the atrium. The implanted pump works continuously
and delivering the fresh incoming blood from the ventricle
to the aorta. Figure 15 shows the hemodynamics features
inside the blood pump during three different stages of dias-
tole. Again, the blood pump is subjected to variable inflow
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Fig. 15 Fluidics inside the
axial flow blood pump during
ventricular diastole
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conditions, as lower flow input is observed at the early
diastolic phase (Fig. 15a). At the beginning of the diastolic
phase, blood enters from the ventricle with lesser volume
flow rate, resulting in the mixing of bloodstreams at the dif-
fuser (as represented by the highlighted area in Fig. 15a). As
the diastole advances, the pump drives the blood with higher
flow rate, due to which lesser recirculation is noticed in the
diffuser region (Fig. 15b). However, due to the impact of
bloodstreams with higher velocity (from the ventricle) on the
straightener, a comparatively low-pressure zone is formed
at the inlet’s upper and lower corner. The low-pressure zone
results in the formation of small recirculation zones during
the peak systole. During the end of systole, the flow mag-
nitude is further increased (Fig. 15¢). Furthermore, nearly
the same flow pattern is noticed at the pump inlet. However,
flow at the diffuser is appeared to be more stabilized.

4 Study limitations and future directions
Due to the involvement of a complex computational domain,

it is really challenging to model the cardiac motion of heart
walls. Therefore, the motion of heart wall is not considered
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at the intermediate stage of diastole and systole. In fact, two
different computational domains have been used generated
at the end of diastole and systole. Similarly, the motion of
aortic wall is only considered at the end of diastolic and
systolic phase, whereas it is assumed as a rigid wall during
the intermediate instants of the cardiac phases. The elasticity
of aortic wall at the intermediate may impart a noticeable
influence on the hemodynamics. However, the inclusion of
the inflated and relaxed position of the aortic wall in the
study will also provide sufficient details of the complex flu-
idics inside it.

Several previous studies [41, 48, 49] have assumed rigid
wall for their computational domain due to the complexi-
ties involved in numerical simulations. It should be noted
that fixed-wall simulations may oversimplify inflow-outflow
boundary conditions and neglect atrial-ventricular interac-
tions. The atrial-ventricular shape at the intermediate phases
of the cardiac cycle may also influence the flow profile in the
blood pump. Furthermore, there are chances of difference in
the value of instantaneous quantities (flow velocity, WSS) as
compared to moving wall simulations [50]. However, there
is not much change in time-averaged quantities for both the
simulations [51].
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Furthermore, the inclusion of realistic heart valves
(effects of the trabeculae and papillary muscles) can influ-
ence the adjacent flow pattern. However, flow near the valve
is not the major consideration of this work as the main pur-
pose of this work is to analyze the influence of LVAD on
the change in hemodynamic characteristics of the heart.
The valves (mitral and aortic) are designed manually using
a CAD software due to the lesser available details of valves
in the CT datasets. Valves are mainly employed to allow/
prevent the blood flow at the respective cardiac phases. In
practical condition, the mechanism of opening of valves is
driven by the pressure exerted by the fluid that pass through
the valve orifices. On the contrary, in this study, a sudden
opening and closing condition have been created by chang-
ing the boundary conditions. Though, inclusion of realistic
segmented heart valves and their actual dynamics can yield a
more accurate numerical framework to simulate the fluidics
inside the heart and enhance the prediction accuracy. The
lack of experimental data limits the validation of the results.
Last of all, this study is based on a single subject under rest
conditions; the effect of different subject populations and
exercise conditions is not considered. In the present study,
location of inflow and outflow connections has not been var-
ied. The same can be optimized through parametric studies
as an extension of this work. Hence, a numerical investiga-
tion of the left heart with LVAD implanted condition can
be planned by overcoming all the limitations as mentioned
above.

5 Conclusion

In this work, a patient-specific simulation of a human left
heart supported with axial-flow LVAD is attempted to assess
the change in hemodynamic characteristics inside the heart
by using ANSYS FLUENT. Simulations have been carried
out for both the diastolic and systolic phases. The obtained
results are then compared with the fluidics of a healthy left
heart without any support of LVAD. The following observa-
tions are drawn from the investigation:

e Significant change in hemodynamics is noticed after
LVAD implantation; the heart loses its rhythmic blood
wave (pulsatile flow output).

e Major change in blood flow dynamics is noticed at the
aorta for both the cardiac phases:

— During diastole: A flow bisection of the incom-
ing blood stream from the pump through the graft
is noticed at the ascending aorta. Some part of the
flow stream travels back toward the aortic root (a
region of flow recirculation is noticed here) while
other advances towards the descending aorta.

— During systole: A major part of blood flow is con-
tributed by the pump, due to which a void (without
any flow) is noticed at the central region of ascend-
ing aorta. This flow characteristic hugely deviates
from the actual blood flow in native heart (without
any LVAD).

e The change in hemodynamics is not only observed in the
left heart but also noticed in the blood pump. The flow
characteristics due to the tubular assumption of pump
inlet are observed to be very regular and uniform com-
pared to the realistic case (inlet from ventricle through
inflow cannula). These deviations in the flow field may
raise discrepancies in many other dependent results.

e Implantation of LVAD also elevates the shear on the
heart wall. In particular, high WSS spots are noticed near
the ascending and arch region of the aorta.

Above mentioned observations provide information about
critical zones to be monitored in case of a patient-specific
heart with LVAD. Multiple future studies with different
heart geometries after relaxing limitations of present work
may lead towards development of a predicting tool prior to
implant of LVAD in human heart.
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