
HAL Id: hal-04075993
https://cnam.hal.science/hal-04075993

Submitted on 20 Apr 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Hemodynamic Evaluation of a Centrifugal Left Atrial
Decompression Pump for Heart Failure with Preserved

Ejection Fraction
Navideh Abbasnezhad, Mathieu Specklin, Farid Bakir, Pascal Leprince,

Pichoy Danial

To cite this version:
Navideh Abbasnezhad, Mathieu Specklin, Farid Bakir, Pascal Leprince, Pichoy Danial. Hemodynamic
Evaluation of a Centrifugal Left Atrial Decompression Pump for Heart Failure with Preserved Ejection
Fraction. Bioengineering, 2023, 10 (3), pp.1-16. �10.3390/bioengineering10030366�. �hal-04075993�

https://cnam.hal.science/hal-04075993
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Citation: Abbasnezhad, N.; Specklin,

M.; Bakir, F.; Leprince, P.; Danial, P.

Hemodynamic Evaluation of a

Centrifugal Left Atrial Decompression

Pump for Heart Failure with Preserved

Ejection Fraction. Bioengineering 2023,

10, 366. https://doi.org/10.3390/

bioengineering10030366

Academic Editors: Peng Wu,

Zengsheng Chen, Qiang Chen and

Tinghui Zheng

Received: 1 February 2023

Revised: 8 March 2023

Accepted: 12 March 2023

Published: 17 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

bioengineering

Article

Hemodynamic Evaluation of a Centrifugal Left Atrial
Decompression Pump for Heart Failure with Preserved
Ejection Fraction
Navideh Abbasnezhad 1,* , Mathieu Specklin 1 , Farid Bakir 1 , Pascal Leprince 2 and Pichoy Danial 2

1 Arts et Métiers Institute of Technology, CNAM, LIFSE, HESAM University, F-75013 Paris, France
2 Department of Cardiovascular and Thoracic Surgery, Institute of Cardiology, Pitié Salpêtrière Hospital,

Assistance Publique Hôpitaux de Paris (AP-HP), Sorbonne University, F-75013 Paris, France
* Correspondence: navideh.abbasnezhad@ensam.eu

Abstract: This article discusses a new continuous flow mini pump that has been developed to
improve symptoms and prognosis in patients with Heart Failure with Preserved Ejection Fraction
(HFpEF), for which there are currently no established treatments. The pump is designed to discharge
a reduced percentage of blood volume from the left atrium to the subclavian artery, clamped at the
bifurcation with the aortic arch. The overall specifications, design parameters, and hemodynamics
of this new device are discussed, along with data from in vitro circulation loop tests and numerical
simulations. The article also compares the results for two configurations of the pump with respect to
key indicators of hemocompatibility used in blood pump development.

Keywords: heart failure with preserved ejection fraction; centrifugal blood pumps; mechanical
circulatory support; computational fluid dynamics; hemocompatibility

1. Introduction

HFpEF, or heart failure with preserved ejection fraction, is a type of heart failure in
which the heart muscle is stiff and does not relax properly during diastole. As a result,
the heart’s ability to fill with blood is impaired, leading to symptoms such as shortness of
breath, fatigue, and swelling in the legs and abdomen. Despite the diastolic dysfunction
in HFpEF, the ejection fraction (EF) is preserved. This is because the stiffness of the heart
muscle helps to maintain a higher end-diastolic volume. In other words, the heart must
work harder to fill with blood during diastole, but the increased volume of blood in the
ventricles leads to a stronger contraction during systole. This compensatory mechanism
helps to maintain the EF despite the diastolic dysfunction. Additionally, patients with
HFpEF often have increased left ventricular filling pressures, which can also contribute
to the preservation of EF by improving the force of the heart’s contraction. However,
this increased pressure can also cause fluid buildup in the lungs, leading to symptoms of
heart failure.

Heart failure is a disease that is becoming more frequent as the population ages [1].
Clinically, heart failure with reduced left ventricular ejection fraction or preserved ejection
fraction (HFpEF) is distinguished [2,3]. The incidence of HFpEF is continuously increasing
and represents up to 50% of heart failure cases (approximately 500,000 people in France).
However, unlike heart failure with reduced ejection fraction, the pharmacological treat-
ments for HFpEF, such as conversion enzyme inhibitors, angiotensin II receptor antagonists,
β-blockers, and spironolactone, have proven disappointing and have not been shown to
improve survival rates [4–7]. As a result, the mortality rate of HFpEF is high, with a 29%
mortality rate in one year and a 65% mortality rate in five years [8]. Therefore, there is a
need to develop interventional therapies to treat this frequent and serious condition.
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One of the most experienced mechanical solutions for treating heart failure is left heart
unloading. The first proposed solution was the creation of a shunt between the left and
right atria to unload the left heart. However, in human studies, the placement of an atrial
shunt device did not reduce the overall rate of heart failure events or improve health status
in the patient population with a heart failure ejection fraction of greater than or equal to
40% [9].

The second structural alternative proposed to improve cardiac compliance and at-
tenuate the increase in left ventricular end-diastolic pressure was pericardectomy [10–15].
Borlaug et al. proposed a new technique for percutaneous pericardectomy via a sub-
xyphoidal approach [16]. In this study, the opening of the anterior pericardium decreased
left ventricular end-diastolic pressure during exercise in pigs with HFpEF. However, the
attenuation of pressures during exercise was modest, and the clinical impact is, there-
fore, uncertain.

The third option is to install a discharge system, such as a magnetic levitation cen-
trifugal pump, which is about the size of a battery or pacemaker [17,18]. This device can
discharge a reduced volume of blood, ranging from 0.05 to 0.50 L/min. However, the effec-
tiveness of this type of device for treating HFpEF has not been extensively studied. Design
and analysis studies are needed to evaluate its clinical, biological, and hemodynamic effects
and to ensure the reliability of this medical device [19–22]. If a centrifugal pump is chosen,
it will operate at off-design conditions, far from its nominal point, due to the low flow
rate required.

In this study, we present the preliminary results of the development of a mini continu-
ous flow pump designed to meet clinical decompression specifications for the treatment of
HFpEF. Two pump prototypes were designed and fabricated, differing only in the distribu-
tion of blade thickness along the blade span. We present data from in vitro circulation loop
tests as well as numerical simulation results and discuss the in silico results of scalar shear
stress (SSS), wall shear stress (WSS), and vorticity.

2. Materials and Methods
2.1. Design Features and Computational Modeling
2.1.1. Geometry and Design Features

As part of the project, a miniature pump is being developed to continuously eject a
small volume of blood from the left atrium to the subclavian artery, which is pinched at the
aortic bifurcation (Figure 1).
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The specifications for this pump include a centrifugal pump with a volute and a semi-
open impeller. The impeller is driven by an electric motor with axial flow and magnetic
levitation. The rotational speed should be between 2000 and 5000 revolutions per minute,
with a continuous flow rate ranging from 0.05 to 0.5 L/min depending on the required
ejection fraction. The pressure gradient should be approximately 80 mm Hg to overcome
the pressure loss in the organs supplied by the subclavian artery. It is important to note
that the two pump prototypes are not commercially available and will be designed and
manufactured in-house.

In this study, two geometric variants of the pump were designed to meet the specifica-
tions and they differed in blade thickness. The impellers and volutes were designed using
internal 3Dturbo software, V2.0 a comprehensive solution for the design of single-stage
centrifugal pumps. This software also allowed for the reverse engineering of centrifugal
pumps and facilitated the calculation of performance in design and off-design conditions
using a specific 0D/1D solver, as explained in more detail in [23]. The impellers and volutes
were then finalized in CATIA.

Apart from a few key dimensions chosen rationally, there are many degrees of freedom
available to the centrifugal pump designer to define the other design parameters of the
impeller and volute. Therefore, it is necessary to initially choose some design dimensions
arbitrarily or intuitively and later verify, through simulations and/or experimental tests, if
they meet the requirements.

Two impellers, each with 5 blades, were designed with different blade thicknesses, in
values and along the span. These impellers have a constant width of 9 mm, with only 2 mm
allocated to the blade width and the remaining 7 mm to receive the magnets necessary for
electric motorization and magnetic levitation. The main geometric characteristics of the
impellers are given in Table 1, and the associated clearance gaps are shown in Figure 2.

Stereolithography (SLA), an additive manufacturing technique, was used to fabricate
the components of the two prototypes: a clear resin (product code: FLGPCL04) for the
volute and a black resin (product code: FLGPBK04) for the impellers. Figure 3 shows the
printed volutes. The resolution in the z-direction used for additive manufacturing SLA was
25 microns.

2.1.2. Fluid Domain and Meshing

The three-dimensional fluid volume was designed based on the geometrical char-
acteristics of both prototypes. Computation was performed using Simcenter StarCCM+
16.02.009, a software developed by Siemens that employs a Finite Volume approach to
discretize the partial differential equations governing fluid behavior. The software uses
the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm to solve the
pressure–velocity coupling inherent in these equations. StarCCM+ can simulate flow in both
turbulent and laminar regimes for transient or steady states. Polyhedral non-structured
grids were used throughout the computational domains, with finer grids selected in specific
areas to obtain more realistic simulation results. Figure 4 shows that, in addition to the poly-
hedral elements in the core of the domain, six prism layers were added to the walls. In this
context, the cell size within the first layer is approximately 0.07 mm, which is significantly
smaller than the different gap sizes. Furthermore, it results in an average and maximum
y+ of 0.34 and 0.72, respectively, ensuring accurate estimation of velocity gradients at the
walls. Different mesh sizes ranging from 1.5 to 13.5 million were created to achieve mesh
independence. Figure 4 demonstrates that, when the number of mesh elements exceeds
6 million, the accuracy varies within a 1% range for the pressure gradient, which is moni-
tored as the convergence control variable among other variables. As a result, a final mesh
with approximately 10 million elements was adopted for the subsequent computations.
Figure 5 displays the mesh of these sections. To perform the 3D CFD computations in a
steady state, the Multiple Reference Frames (MRF) method was utilized.
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Table 1. Main geometrical features of the impellers.

Impeller SH0.5 Impeller SH1

Impeller CAD
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2.1.3. Simulation of the Hemodynamic Characteristics

The numerical simulation models the turbulent, viscous, and incompressible flow
field in a 3D domain using the continuity and momentum equations with the k-w SST
turbulence model. We have chosen the turbulent flow hypothesis because the Reynolds
number based on the blade chord and relative velocity is approximately equal to 5 × 104 at
3000 RPM. Blood is treated as a Newtonian fluid due to the high SSS experienced within the
pump [24]. Non-Newtonian behavior can be neglected at SSS rates above 100 s−1, where the
shear-thinning viscosity reaches a plateau, as is typically the case for existing VADs [24–27].
Its density and dynamic viscosity are chosen as 1060 kg/m3 and 0.0035 Pa.s, respectively.
The simulations use a steady-state approach with the impeller domain rotating and all
other domains stationary. All physical surfaces are set as no-slip walls, and convergence
is achieved when the flow-related residual is below 1 × 10−6, and the other residuals are
below 2 × 10−4.

Regarding the boundary conditions, various references dealing with blood flows in
arterial networks, such as [28–34], have shown that the velocity fields, flow distribution
between simulated branches, and magnitude of indicators based on WSS are substantially
influenced by the boundary condition strategy adopted. In this work, the pump draws a
continuous and incompressible flow of blood from the left atrium under quasi-constant
pressure and forces it back into a section of the subclavian artery clamped at the bifurcation
with the aortic arch. Therefore, a reference stagnation pressure (p = 760 mm Hg) and mass
flow rate are, respectively, imposed for the inlet and outlet boundary conditions.

The simulations analyze the hydraulic performance and hemodynamic characteristics
of two pumps under different conditions, with impeller rotational speeds ranging from
2000 to 4000 rpm and flow rates ranging from 0 to 2 L/min, with a turbulence intensity
of 0.01%.

2.1.4. Hemodynamics and SSS Calculation

One of the major complications of medical circulatory support devices is their tendency
to cause hemolysis. This phenomenon is the destruction of the membrane of red blood cells,
which results in the release of hemoglobin into the blood plasma. Hemolysis is mainly
caused by the duration during which a red blood cell experiences high SSS [24]. One way
to limit the onset of hemolysis is to examine the SSS in the flow field, which represents the
magnitude of the shear experienced by the blood cells.

Flow fields obtained from computational fluid dynamics (CFD) are used to estimate
these hemodynamic quantities and assess hemolysis risks. Shear stress is a second-order
tensor whose components are governed by velocity gradients, as follows in Equation (1):

τij = −µ ×
(

dui
dxj

+
duj

dxi

)
(1)

where µ is the effective viscosity of the fluid, and the sum of the components represents the
effective viscosity.

The SSS then defines the magnitude of these stresses, which is experienced by blood
cells, and is defined as [35], Equation (2):

τ =

[
1
3

{
τ2

xx + τ2
yy + τ2

zz − τxxτyy − τyyτzz − τzzτxx + 3
(
τ2

xy + τ2
yx + τ2

zx

)}]
0.5 (2)

It is important to keep in mind that the typical SSS observed in the entire circulatory
system ranges from 0.1 to 15 Pa [36], and up to 5 Pa for WSS in particular [24]. In this
context, medical circulatory support devices lead to SSS levels several times higher than
those normally experienced by blood cells. Typical higher thresholds of WSS, corresponding
to different blood traumas as described in [37], are approximately 9 Pa, 50 Pa, and 150 Pa.
They represent, respectively, von Willebrand factor cleavage and the threshold for platelet
activation, both of which increase thrombosis risk, and finally the threshold that usually
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triggers significant hemolysis. Regarding the latter, ref. [38] found that the hemolysis
generated at the outflow grafts of the devices is negligible compared to what is generated
inside the device, meaning that the effort must be focused on pump design.

2.2. Closed-Loop Test Bench for Hydraulic Performances

To assess the hydraulic performance of the pump and verify the accuracy of the
simulation, a closed-loop test bench was set up. Figure 6 illustrates the configuration of
this test bench. The fluid circulating in the system was stored in a one-liter cylindrical
plastic reservoir (1). The fluid used was a mixture of glycerol and water, with a ratio of
40/60 at the temperature of 22◦C to ensure the same viscosity and density as blood [39–41].
A VM-D20T-SP centrifugal pump was connected to the reservoir’s outlet (2) to facilitate
circulation. The impeller of the prototype pumps being studied (3) was driven by a Maxon
EC-4-pole DC motor chosen based on the power required to circulate the fluid. The motor
was connected to a servo controller manufactured by ESCON-Maxon, which was linked to a
PC and controlled by the ESCON Studio program to adjust the impeller’s rotational speed.
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The motor, flow meters, and pressure sensors were connected to an acquisition card
that oversaw communication between the electronic components and the control system
(Labview software 2020 Q3). Two flow meters were used in this study, the Atrato Series
Ultrasonic flow meter for flow rates from 0.002–0.500 L/min, and the RS PRO flow meter for
flow rates from 0.05–10 L/min (4). Two pressure sensors, type JUMO MIDAS SI (5), were
used at the inlet and outlet of the pumps. The NI USB-6008 acquisition card was utilized to
connect all the sensors. Valves (6) located between the pump and flow meter were utilized
to adjust the flow rate. Each test was repeated three times to verify reproducibility.

3. Results
3.1. Experimental Hydraulic Performances

The hydraulic performances of the two prototypes are shown in Figure 7 for three
rotational speeds: 2500, 3000, and 3500 rpm. All data points were also plotted at a common
speed of 3000 rpm to facilitate comparison. Regardless of the flow rate, no significant
differences in similarity were observed, demonstrating the accuracy and repeatability of the
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measurements taken for these flow regimes. The target flow-pressure point of 0.5 L/min
and 80 mm Hg was achieved at 3000 rpm and 2900 rpm for SH0.5 and SH1, respectively.
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SH1 at different rotational speeds.

This slight difference in angular speed for the same flow rate is due to the difference in
designs of the rotor’s blades. In practice, the value of 2900 rpm was determined by scaling
the speed with similarity coefficients, based on the measured pressure-flow values for the
SH1 pump at a given reference rotation speed of N = 3000 rpm.

3.2. Overall CFD Results and Experimental Comparison

Figure 8 shows a comparison between the experimental and numerical results, specifi-
cally the pressure gradient as a function of flow rate for the two cases examined. In both
cases, a reasonable agreement is observed for all compared flow rates. Therefore, we
can confidently use CFD simulations to further analyze the hemocompatibility of these
two pump variants.
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3.3. Hemocompatibility Analysis

To illustrate the magnitudes of SSS fields and compare the behavior of the two pro-
totypes, four planes perpendicular to the axis of rotation were chosen within the fluid
volume. These planes are located at the mid-clearance, blade shroud, mid-blade width, and
blade-hub positions, as depicted in Figure 9. Figure 10 shows a high magnitude of SSS at
the blade shroud and clearance planes. Within these two planes, the SH0.5 pump reaches
higher maximum magnitude values, with an SSS magnitude approximately twice that of
the SH1 pump in the blade shroud plane.
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In Figure 11a, the volume of fluid exposed to various levels of SSS is shown for both
prototypes to provide an overview of the SSS generated throughout the entire fluid domain.
The impeller SH0.5 results in a larger volume of fluid exposed to each specific SSS threshold.
Specifically, for pump SH0.5, approximately 99.1% of the fluid volume is exposed to SSS
below 100 Pa, while for pump SH1, this value is around 93.8%. It is worth noting that
regions of very high SSS (>150 Pa) are highly localized and constitute less than 1 mm3

for both impellers, which is less than 0.15% of the total fluid volume of the rotor. By
comparison, the volumes of high scalar SSS found in the blood pumps of Fraser et al. [24]
range from 0.3% to 1.4% for axial pumps and from 0.1% to 0.3% for centrifugal pumps.
Thamsen et al. [37] show that the regions of high shear stress (>150 Pa) are below 0.025 mL
for both HeartMate II and HVAD devices, representing approximately 1.4% and 1% of
the total fluid volume, respectively. Figure 11b shows the residence time exposed to each
threshold stress. The results show that there is a difference in the exposition times for the
two Pumps SH0.5 and SH1. One can note that the residence time for pump SH0.5 is higher
than SH1, which can increase the possible blood damage. Thamsen et al. [37] indicated that
the residence time exposed to the shear stress above 150 Pa for the HeartMate II and HVAD
are approximately 50 s and 28 s, respectively.

The wall areas where the magnitude of WSS is greater than 100 Pa correspond to
2.79 × 10−4 and 1.95 × 10−4 m2 for SH0.5 and SH1, respectively. The maximum magnitude
is higher for SH0.5, with a value of 883 Pa compared to 747 Pa for SH1. As depicted in
Figure 12, for both impellers, the highest magnitudes of WSS occur near the trailing edge
on both the suction and pressure sides.

Figure 13 shows the relative velocity fields in the clearance gap. The SH0.5 pump has
more extensive swirling zones than the SH1 pump. The thinner shroud thickness in this
area for the SH0.5 impeller promotes this increased recirculation, which is more noticeable
towards the trailing edge.
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Figure 13. Relative velocity vector in the clearance gap for two pumps with impeller SH0.5 and SH1
(v in this figure indicates the vortices).

Regarding the vorticity calculations, the volumes occupied by vorticity magnitudes
greater than the threshold of 4000/s are 4620 and 1430 mm3 for pumps SH0.5 and SH1,
respectively. The maximum magnitudes are 185,000/s and 178,000/s for pumps SH0.5
and SH1, respectively. Figure 14 shows the vorticity fields in the whole fluid volume, and
Table 2 summarizes the maximum magnitude observed in four selected planes. Once again,
as with the SSS, it is observed that the vorticity magnitude is higher in the housing and
clearance planes for pump SH0.5 compared to pump SH1.
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Table 2. Maximum vorticity at four planes of two prototypes.
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Shroud plane 177 × 103 161 × 103
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4. Discussion

Heart failure can be treated with mechanical circulatory systems or assist devices, but
their hemocompatibility must be studied to ensure their effectiveness [42]. The hydraulic
results obtained in this study through simulation show good correlation with experimental
results. The SH1 pump required 100 fewer rpm than the SH0.5 pump to achieve the same
operating point. However, at this preliminary stage of the study, a question arises about
the influence of the chosen assumptions regarding the input/output boundary conditions.
Previous studies [28,29] have shown that pulsatile flow can reduce pressure gradient
and shear stress on the left ventricular wall, leading to the development of valveless
pulsatile pumps, which have been shown to be effective. Conversely, other studies [43]
have demonstrated that continuous flow pumps can maintain the hemodynamic conditions
of the heart’s pulsatile flow at any heart rate. Continuous-flow left ventricular assist devices
can effectively unload the ventricle and increase cardiac output. However, continuous
blood suction from the ventricular apex can alter hemodynamics, and obstruction of
the left ventricular assist device in the ventricle can affect the distribution of vorticity,
creating a stagnant region at the ventricular apex. The use of certain pumps can lead to the
degradation of red blood cells due to higher shear stress [35], which has been linked to blood
dysfunction and hemolysis, presenting a major limitation for these devices. Threshold
shear stress values have been identified to detect dysfunction [44,45], with values of 9, 50,
and 150 Pa corresponding to degradation of Willebrand factor, platelet activation, and red
blood cell rupture (hemolysis) [24,37,46–48]. To improve hemocompatibility and reduce
dysfunction, designers have focused on the geometric parameters of pumps, such as the
wrap angle, number of blades, blade thickness, impeller diameter, and gap size [49–54].
However, increasing the number of blades can result in higher SSS levels. Additionally,
high vorticity levels have been associated with an increased risk of thrombosis, with a
vorticity level of approximately 1000 s−1 potentially indicating a higher risk. Nonetheless,
these thresholds are not universally agreed upon and must be considered along with other
factors in the design and use of pumps. Results from hemodynamic analyses showed that
reducing blade thickness at the shroud level led to higher simulated magnitudes of vorticity
and SSS, which disadvantaged the SH0.5 pump compared to the SH1 pump.

5. Conclusions

In this paper, we describe a preliminary prototype design study of a centrifugal pump,
ultimately, for unloading the human heart from the left atrium, with the hope of treating
heart failure with preserved ejection fraction (HFpEF). We designed and manufactured
a prototype with two different impeller geometries and an identical volute. Hydraulic
performance tests on an internal in vitro circulatory loop, as well as numerical simulations,
were performed to evaluate and compare the performance of the two prototypes, specifically
in terms of meeting flow rate–pressure gradient specifications and hemocompatibility,
analyzing SSS, WSS, and vorticity fields. The results showed that both prototypes, SH0.5
and SH1, can provide the specified atrial unloading (0.5 L/min and 80 mm Hg) and
that the SH1 pump appears to have an advantage over the SH0.5 pump in terms of
hemocompatibility (lower simulated magnitudes of vorticity and SSS). The next step
in our research project consists of two work packages: (i) improving the prototypes by
including the specified magnetically levitated electric motorization, and (ii) conducting
in vitro hemodynamic tests with real blood. This second step will allow us to verify the
results of the pre-design and approach the following phases with a better understanding.
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Nomenclature

b2 impeller outlet width, mm
D1 impeller inlet diameter, mm
D2 impeller outlet diameter, mm
HFpEF heart failure with preserved ejection fraction
N rotation speed, rpm
Q flow rate, L/min
V/Vt volume fraction, %
Vrel relative velocity, m/s
Vorticity vorticity magnitude, s−1

WSS Wall Shear Stress, Pa
Z blades number
β1 blade inlet angle, ◦

β2 blade outlet angle, ◦

δLE leading edge blade thickness, mm
δTE trailing edge blade thickness, mm
∆P pressure gradient, mm Hg
τ Scalar Shear Stress (SSS), Pa

References
1. Bhatia, R.S.; Tu, J.V.; Lee, D.S.; Austin, P.C.; Fang, J.; Haouzi, A.; Gong, Y.; Liu, P.P. Outcome of Heart Failure with Preserved

Ejection Fraction in a Population-Based Study. N. Engl. J. Med. 2006, 355, 260–269. [CrossRef] [PubMed]
2. Little, W.C.; Applegate, R.J. Congestive heart failure: Systolic and diastolic function. J. Cardiothorac. Vasc. Anesth. 1993, 7, 2–5.

[CrossRef] [PubMed]
3. Yoon, S.; Eom, G.H. Heart failure with preserved ejection fraction: Present status and future directions. Exp. Mol. Med. 2019, 51,

1–9. [CrossRef] [PubMed]
4. Cleland, J.G.F.; Tendera, M.; Adamus, J.; Freemantle, N.; Polonski, L.; Taylor, J. The perindopril in elderly people with chronic

heart failure (PEP-CHF) study. Eur. Heart J. 2006, 27, 2338–2345. [CrossRef]
5. Yusuf, S.; Pfeffer, M.A.; Swedberg, K.; Granger, C.B.; Held, P.; McMurray, J.J.; Michelson, E.L.; Olofsson, B.; Östergren, J. Effects of

candesartan in patients with chronic heart failure and preserved left-ventricular ejection fraction: The CHARM-Preserved Trial.
Lancet 2003, 362, 777–781. [CrossRef]

6. Massie, B.M.; Carson, P.E.; McMurray, J.J.; Komajda, M.; McKelvie, R.; Zile, M.R.; Anderson, S.; Donovan, M.; Iverson, E.;
Staiger, C.; et al. Irbesartan in Patients with Heart Failure and Preserved Ejection Fraction. N. Engl. J. Med. 2008, 359, 2456–2467.
[CrossRef]

7. Hernandez, A.F.; Hammill, B.G.; O’Connor, C.M.; Schulman, K.A.; Curtis, L.H.; Fonarow, G.C. Clinical Effectiveness of Beta-
Blockers in Heart Failure: Findings From the OPTIMIZE-HF (Organized Program to Initiate Lifesaving Treatment in Hospitalized
Patients with Heart Failure) Registry. J. Am. Coll. Cardiol. 2009, 53, 184–192. [CrossRef]

8. Owan, T.E.; Hodge, D.O.; Herges, R.M.; Jacobsen, S.J.; Roger, V.L.; Redfield, M.M. Trends in Prevalence and Outcome of Heart
Failure with Preserved Ejection Fraction. N. Engl. J. Med. 2006, 355, 251–259. [CrossRef]

9. Shah, S.J.; Borlaug, B.A.; Chung, E.S.; Cutlip, D.E.; Debonnaire, P.; Fail, P.S.; Gao, Q.; Hasenfuß, G.; Kahwash, R.; Kaye, D.M.; et al.
Atrial shunt device for heart failure with preserved and mildly reduced ejection fraction (REDUCE LAP-HF II): A randomised,
multicentre, blinded, sham-controlled trial. Lancet 2022, 399, 1130–1140. [CrossRef]

10. Applegate, R.J.; Santamore, W.P.; Klopfenstein, H.S.; Little, W.C. External pressure of undisturbed left ventricle. Am. J. Physiol.
1990, 258, H1079–H1086. [CrossRef]

11. Assanelli, D.; Lew, W.Y.; Shabetai, R.; LeWinter, M.M. Influence of the pericardium on right and left ventricular filling in the dog.
J. Appl. Physiol. 1987, 63, 1025–1032. [CrossRef] [PubMed]

12. Freeman, G.L.; LeWinter, M.M. Pericardial adaptations during chronic cardiac dilation in dogs. Circ. Res. 1984, 54, 294–300.
[CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa051530
http://www.ncbi.nlm.nih.gov/pubmed/16855266
http://doi.org/10.1016/1053-0770(93)90091-X
http://www.ncbi.nlm.nih.gov/pubmed/8369466
http://doi.org/10.1038/s12276-019-0323-2
http://www.ncbi.nlm.nih.gov/pubmed/31857581
http://doi.org/10.1093/eurheartj/ehl250
http://doi.org/10.1016/S0140-6736(03)14285-7
http://doi.org/10.1056/NEJMoa0805450
http://doi.org/10.1016/j.jacc.2008.09.031
http://doi.org/10.1056/NEJMoa052256
http://doi.org/10.1016/S0140-6736(22)00016-2
http://doi.org/10.1152/ajpheart.1990.258.4.H1079
http://doi.org/10.1152/jappl.1987.63.3.1025
http://www.ncbi.nlm.nih.gov/pubmed/3654452
http://doi.org/10.1161/01.RES.54.3.294
http://www.ncbi.nlm.nih.gov/pubmed/6230171


Bioengineering 2023, 10, 366 15 of 16

13. Glantz, S.A.; Misbach, G.A.; Moores, W.Y.; Mathey, D.G.; Lekven, J.; Stowe, D.F.; Parmley, W.W.; Tyberg, J.V. The pericardium
substantially affects the left ventricular diastolic pressure-volume relationship in the dog. Circ. Res. 1978, 42, 433–441. [CrossRef]
[PubMed]

14. LeWinter, M.M.; Pavelec, R. Influence of the pericardium on left ventricular end-diastolic pressure-segment relations during early
and later stages of experimental chronic volume overload in dogs. Circ. Res. 1982, 50, 501–509. [CrossRef]

15. Slinker, B.K.; Ditchey, R.V.; Bell, S.P.; LeWinter, M.M. Right heart pressure does not equal pericardial pressure in the potassium
chloride-arrested canine heart in situ. Circulation 1987, 76, 357–362. [CrossRef] [PubMed]

16. Borlaug, B.A.; Carter, R.E.; Melenovsky, V.; De Simone, C.V.; Gaba, P.; Killu, A.; Naksuk, N.; Lerman, L.; Asirvatham, S.J.
Percutaneous Pericardial Resection: A Novel Potential Treatment for Heart Failure with Preserved Ejection Fraction. Circ. Heart
Fail. 2017, 10, e003612. [CrossRef]

17. Gude, E.; Fiane, A.E. Can mechanical circulatory support be an effective treatment for HFpEF patients? Heart Fail. Rev. 2021, 28,
297–305. [CrossRef]

18. Fukamachi, K.; Horvath, D.J.; Karimov, J.H.; Kado, Y.; Miyamoto, T.; Kuban, B.D.; Starling, R.C. Left atrial assist device to treat
patients with heart failure with preserved ejection fraction: Initial in vitro study. J. Thorac. Cardiovasc. Surg. 2021, 162, 120–126.
[CrossRef]

19. Denisov, M.V.; Telyshev, D.V.; Selishchev, S.V.; Romanova, A.N. Investigation of Hemocompatibility of Rotary Blood Pumps: The
Case of the Sputnik Ventricular Assist Device. Biomed. Eng. 2019, 53, 181–184. [CrossRef]

20. Qu, Y.; Guo, Z.; Zhang, J.; Li, G.; Zhang, S.; Li, D. Hemodynamic investigation and in vitro evaluation of a novel mixed-flow
blood pump. Artif. Organs 2022, 46, 1533–1543. [CrossRef]

21. Pinney, S.P.; Anyanwu, A.C.; Lala, A.; Teuteberg, J.J.; Uriel, N.; Mehra, M.R. Left Ventricular Assist Devices for Lifelong Support.
J. Am. Coll. Cardiol. 2017, 69, 2845–2861. [CrossRef]

22. Marcel, L.; Specklin, M.; Kouidri, S. The evolution of long-term pediatric ventricular assistance devices: A critical review. Expert
Rev. Med. Devices 2021, 18, 783–798. [CrossRef] [PubMed]

23. Bakir, F.; Rey, R.; Noguera, R.; Massouh, F. Computer aided design of helico-centrifugal pumps. Proc. ASME Second Pump. Mach.
Symp. 1993, 154, 63–74.

24. Fraser, K.H.; Zhang, T.; Taskin, M.E.; Griffith, B.P.; Wu, Z.J. A quantitative comparison of mechanical blood damage parameters in
rotary ventricular assist devices: Shear stress, exposure time and hemolysis index. J. Biomech. Eng. 2012, 134, 81002. [CrossRef]
[PubMed]

25. Wiegmann, L.; Boës, S.; de Zélicourt, D.; Thamsen, B.; Schmid Daners, M.; Meboldt, M.; Kurtcuoglu, V. Blood Pump Design
Variations and Their Influence on Hydraulic Performance and Indicators of Hemocompatibility. Ann. Biomed. Eng. 2018, 46,
417–428. [CrossRef] [PubMed]

26. Wang, Y.; Shen, P.; Zheng, M.; Fu, P.; Liu, L.; Wang, J.; Yuan, L. Influence of impeller speed patterns on hemodynamic characteristics
and hemolysis of the blood pump. Appl. Sci. 2019, 9, 4689. [CrossRef]

27. Gil, A.; Navarro, R.; Quintero, P.; Mares, A.; Pérez, M.; Montero, J.A. CFD analysis of the HVAD’s hemodynamic performance
and blood damage with insight into gap clearance. Biomech. Model. Mechanobiol. 2022, 21, 1201–1215. [CrossRef]

28. Scardulla, F.; Agnese, V.; Romano, G.; Di Gesaro, G.; Sciacca, S.; Bellavia, D.; Clemenza, F.; Pilato, M.; Pasta, S. Modeling Right
Ventricle Failure after Continuous Flow Left Ventricular Assist Device: A Biventricular Finite-Element and Lumped-Parameter
Analysis. Cardiovasc. Eng. Technol. 2018, 9, 427–437. [CrossRef]

29. Scardulla, F.; Pasta, S.; D’Acquisto, L.; Sciacca, S.; Agnese, V.; Vergara, C.; Quarteroni, A.; Clemenza, F.; Bellavia, D.; Pilato, M.
Shear stress alterations in the celiac trunk of patients with a continuous-flow left ventricular assist device as shown by in-silico
and in-vitro flow analyses. J. Heart Lung Transplant. 2017, 36, 906–913. [CrossRef]

30. Antonuccio, M.N.; Mariotti, A.; Fanni, B.M.; Capellini, K.; Capelli, C.; Sauvage, E.; Celi, S. Effects of Uncertainty of Outlet
Boundary Conditions in a Patient-Specific Case of Aortic Coarctation. Ann. Biomed. Eng. 2021, 49, 3494–3507. [CrossRef]

31. Bozzi, S.; Morbiducci, U.; Gallo, D.; Ponzini, R.; Rizzo, G.; Bignardi, C.; Passoni, G. Uncertainty propagation of phase contrast-MRI
derived inlet boundary conditions in computational hemodynamics models of thoracic aorta. Comput. Methods Biomech. Biomed.
Eng. 2017, 20, 1104–1112. [CrossRef] [PubMed]

32. Morbiducci, U.; Ponzini, R.; Gallo, D.; Bignardi, C.; Rizzo, G. Inflow boundary conditions for image-based computational
hemodynamics: Impact of idealized versus measured velocity profiles in the human aorta. J. Biomech. 2013, 46, 102–109.
[CrossRef] [PubMed]

33. Gallo, D.; De Santis, G.; Negri, F.; Tresoldi, D.; Ponzini, R.; Massai, D.; Deriu, M.A.; Segers, P.; Verhegghe, B.; Rizzo, G.; et al.
On the use of in vivo measured flow rates as boundary conditions for image-based hemodynamic models of the human aorta:
Implications for indicators of abnormal flow. Ann. Biomed. Eng. 2012, 40, 729–741. [CrossRef] [PubMed]

34. Mariotti, A.; Boccadifuoco, A.; Celi, S.; Salvetti, M.V. Hemodynamics and stresses in numerical simulations of the thoracic aorta:
Stochastic sensitivity analysis to inlet flow-rate waveform. Comput. Fluids 2021, 230, 105123. [CrossRef]

35. Romanova, A.N.; Pugovkin, A.A.; Denisov, M.V.; Ephimov, I.A.; Gusev, D.V.; Walter, M.; Groth, T.; Bockeria, O.L.; Le, T.G.;
Satyukova, A.S.; et al. Hemolytic Performance in Two Generations of the Sputnik Left Ventricular Assist Device: A Combined
Numerical and Experimental Study. J. Funct. Biomater. 2022, 13, 7. [CrossRef]

36. Horobin, J.T.; Sabapathy, S.; Simmonds, M.J. Red blood cell tolerance to shear stress above and below the subhemolytic threshold.
Biomech. Model. Mechanobiol. 2020, 19, 851–860. [CrossRef]

http://doi.org/10.1161/01.RES.42.3.433
http://www.ncbi.nlm.nih.gov/pubmed/624151
http://doi.org/10.1161/01.RES.50.4.501
http://doi.org/10.1161/01.CIR.76.2.357
http://www.ncbi.nlm.nih.gov/pubmed/3608123
http://doi.org/10.1161/CIRCHEARTFAILURE.116.003612
http://doi.org/10.1007/s10741-021-10154-1
http://doi.org/10.1016/j.jtcvs.2019.12.110
http://doi.org/10.1007/s10527-019-09904-1
http://doi.org/10.1111/aor.14210
http://doi.org/10.1016/j.jacc.2017.04.031
http://doi.org/10.1080/17434440.2021.1947245
http://www.ncbi.nlm.nih.gov/pubmed/34160345
http://doi.org/10.1115/1.4007092
http://www.ncbi.nlm.nih.gov/pubmed/22938355
http://doi.org/10.1007/s10439-017-1951-0
http://www.ncbi.nlm.nih.gov/pubmed/29094293
http://doi.org/10.3390/app9214689
http://doi.org/10.1007/s10237-022-01585-2
http://doi.org/10.1007/s13239-018-0358-x
http://doi.org/10.1016/j.healun.2017.03.016
http://doi.org/10.1007/s10439-021-02841-9
http://doi.org/10.1080/10255842.2017.1334770
http://www.ncbi.nlm.nih.gov/pubmed/28553722
http://doi.org/10.1016/j.jbiomech.2012.10.012
http://www.ncbi.nlm.nih.gov/pubmed/23159094
http://doi.org/10.1007/s10439-011-0431-1
http://www.ncbi.nlm.nih.gov/pubmed/22009313
http://doi.org/10.1016/j.compfluid.2021.105123
http://doi.org/10.3390/jfb13010007
http://doi.org/10.1007/s10237-019-01252-z


Bioengineering 2023, 10, 366 16 of 16

37. Thamsen, B.; Blümel, B.; Schaller, J.; Paschereit, C.O.; Affeld, K.; Goubergrits, L.; Kertzscher, U. Numerical Analysis of Blood
Damage Potential of the HeartMate II and HeartWare HVAD Rotary Blood Pumps. Artif. Organs 2015, 39, 651–659. [CrossRef]

38. Song, J.; Marcel, L.; Specklin, M.; Lescroart, M.; Hébert, J.L.; Kouidri, S. Numerical study of hemolysis induced by shear stress at
the junction between aorta and ventricular assistance device outflow graft. Int. J. Heat Fluid Flow 2022, 95, 108953. [CrossRef]

39. Granzhan, A. Synthesis and Studies of Annelated Quinolizinium Derivatives as Versatile Constructs for Fluorescent Probes
and Ligands for Triple-Helical and Abasic DNA Structures, Universität Siegen, 2006. pp. 149–150. Available online:
https://www.researchgate.net/publication/277860842_Synthesis_and_studies_of_annelated_quinolizinium_derivatives_as_
versatile_constructs_for_fluorescent_probes_and_ligands_for_triple-helical_and_abasic_DNA_structures (accessed on 1 January 2023).

40. Kim, S.; Prasad, B.; Kim, J.K. Alignment of Microbeads Using Spinning Helical Minichannel Cartridge. J. Korean Soc. Vis. 2016, 14,
38–45. [CrossRef]

41. Conner, K.; Cuthbert, J. Corrosion-Inhibited Propyleneglycol/Glycerin Compositions. U.S. Patent WO2010/008951 A, 21 January 2010.
42. Telyshev, D.; Denisov, M.; Pugovkin, A.; Selishchev, S.; Nesterenko, I. The Progress in the Novel Pediatric Rotary Blood Pump

Sputnik Development. Artif. Organs 2018, 42, 432–443. [CrossRef]
43. Viola, F.; Jermyn, E.; Warnock, J.; Querzoli, G.; Verzicco, R. Left Ventricular Hemodynamics with an Implanted Assist Device: An

In Vitro Fluid Dynamics Study. Ann. Biomed. Eng. 2019, 47, 1799–1814. [CrossRef] [PubMed]
44. Li, Y.; Xi, Y.; Wang, H.; Sun, A.; Deng, X.; Chen, Z.; Fan, Y. A new way to evaluate thrombotic risk in failure heart and ventricular

assist devices. Med. Nov. Technol. Devices 2022, 16, 100135. [CrossRef]
45. Malone, G.; Abdelsayed, G.; Bligh, F.; Al Qattan, F.; Syed, S.; Varatharajullu, P.; Msellati, A.; Mwipatayi, D.; Azhar, M.;

Malone, A.; et al. Advancements in left ventricular assist devices to prevent pump thrombosis and blood coagulopathy. J. Anat.
2022, 242, 29–49. [CrossRef]

46. Chiu, W.-C.; Slepian, M.J.; Bluestein, D. Thrombus formation patterns in the HeartMate II ventricular assist device: Clinical
observations can be predicted by numerical simulations. ASAIO J. 2014, 60, 237–240. [CrossRef] [PubMed]

47. Thamsen, B.; Mevert, R.; Lommel, M.; Preikschat, P.; Gaebler, J.; Krabatsch, T.; Kertzscher, U.; Hennig, E.; Affeld, K. A two-stage
rotary blood pump design with potentially lower blood trauma: A computational study. Int. J. Artif. Organs 2016, 39, 178–183.
[CrossRef] [PubMed]

48. Chan, C.H.H.; Ki, K.K.; Chu, I.Y.; Rolls, J.; Morris, S.; Lee, T.J.; Bindorfer, S.; Pauls, J.P.; Idachi, I.; Fraser, J.F. In vitro Hemocompat-
ibility Evaluation of the HeartWare Ventricular Assist Device under Systemic, Pediatric and Pulmonary Support Conditions.
ASAIO J. 2021, 67, 270–275. [CrossRef]

49. Telyshev, D.V.; Denisov, M.V.; Selishchev, S.V. The Effect of Rotor Geometry on the H−Q Curves of the Sputnik Implantable
Pediatric Rotary Blood Pump. Biomed. Eng. 2017, 50, 420–424. [CrossRef]

50. Korakianitis, T.; Rezaienia, M.A.; Paul, G.M.; Rahideh, A.; Rothman, M.T.; Mozafari, S. Optimization of centrifugal pump
characteristic dimensions for mechanical circulatory support devices. ASAIO J. 2016, 62, 545–551. [CrossRef]

51. Kim, N.J.; Diao, C.; Ahn, K.H.; Lee, S.J.; Kameneva, M.V.; Antaki, J.F. Parametric study of blade tip clearance, flow rate, and
impeller speed on blood damage in rotary blood pump. Artif. Organs 2009, 33, 468–474. [CrossRef]

52. Ozturk, C.; Aka, I.B.; Lazoglu, I. Effect of blade curvature on the hemolytic and hydraulic characteristics of a centrifugal blood
pump. Int. J. Artif. Organs 2018, 41, 730–737. [CrossRef]

53. Fang, P.; Du, J.; Yu, S. Impeller (straight blade) design variations and their influence on the performance of a centrifugal blood
pump. Int. J. Artif. Organs 2020, 43, 782–795. [CrossRef] [PubMed]

54. Li, Y.; Yu, J.; Wang, H.; Xi, Y.; Deng, X.; Chen, Z.; Fan, Y. Investigation of the influence of blade configuration on the hemodynamic
performance and blood damage of the centrifugal blood pump. Artif. Organs 2022, 46, 1817–1832. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/aor.12542
http://doi.org/10.1016/j.ijheatfluidflow.2022.108953
https://www.researchgate.net/publication/277860842_Synthesis_and_studies_of_annelated_quinolizinium_derivatives_as_versatile_constructs_for_fluorescent_probes_and_ligands_for_triple-helical_and_abasic_DNA_structures
https://www.researchgate.net/publication/277860842_Synthesis_and_studies_of_annelated_quinolizinium_derivatives_as_versatile_constructs_for_fluorescent_probes_and_ligands_for_triple-helical_and_abasic_DNA_structures
http://doi.org/10.5407/jksv.2016.14.3.038
http://doi.org/10.1111/aor.13109
http://doi.org/10.1007/s10439-019-02273-6
http://www.ncbi.nlm.nih.gov/pubmed/31011916
http://doi.org/10.1016/j.medntd.2022.100135
http://doi.org/10.1111/joa.13675
http://doi.org/10.1097/MAT.0000000000000034
http://www.ncbi.nlm.nih.gov/pubmed/24399065
http://doi.org/10.5301/ijao.5000482
http://www.ncbi.nlm.nih.gov/pubmed/27034319
http://doi.org/10.1097/MAT.0000000000001222
http://doi.org/10.1007/s10527-017-9669-8
http://doi.org/10.1097/MAT.0000000000000393
http://doi.org/10.1111/j.1525-1594.2009.00754.x
http://doi.org/10.1177/0391398818785558
http://doi.org/10.1177/0391398820913559
http://www.ncbi.nlm.nih.gov/pubmed/32312159
http://doi.org/10.1111/aor.14265
http://www.ncbi.nlm.nih.gov/pubmed/35436361

	Introduction 
	Materials and Methods 
	Design Features and Computational Modeling 
	Geometry and Design Features 
	Fluid Domain and Meshing 
	Simulation of the Hemodynamic Characteristics 
	Hemodynamics and SSS Calculation 

	Closed-Loop Test Bench for Hydraulic Performances 

	Results 
	Experimental Hydraulic Performances 
	Overall CFD Results and Experimental Comparison 
	Hemocompatibility Analysis 

	Discussion 
	Conclusions 
	References

