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Abstract: Despite evidence associating the use of mechanical circulatory support (MCS) devices
with increased survival and quality of life in patients with advanced heart failure (HF), significant
complications and high costs limit their clinical use. We aimed to design an innovative MCS device
to address three important needs: low cost, minimally invasive implantation techniques, and low
risk of infection. We used mathematical modeling to calculate the pump characteristics to deliver
variable flows at different pump diameters, turbomachinery design software CFturbo (2020 R2.4
CFturbo GmbH, Dresden, Germany) to create the conceptual design of the pump, computational fluid
dynamics analysis with Solidworks Flow Simulation to in silico test pump performance, Solidworks
(Dassault Systémes SolidWorks Corporation, Waltham, MA, USA) to further refine the design, 3D
printing with polycarbonate filament for the initial prototype, and a stereolithography printer (Form 2,
Formlabs, Somerville, MA, USA) for the second variant materialization. We present the concept,
design, and early prototyping of a low-cost, minimally invasive, fully implantable in a subcutaneous
pocket MCS device for long-term use and partial support in patients with advanced HF which
unloads the left heart into the arterial system containing a rim-driven, hubless axial-flow pump and
the wireless transmission of energy. We describe a low-cost, fully implantable, low-invasive, wireless
power transmission left ventricular assist device that has the potential to address patients with
advanced HF with higher impact, especially in developing countries. In vitro testing will provide
input for further optimization of the device before proceeding to a completely functional prototype
that can be implanted in animals.

Keywords: left ventricular assist device; mechanical circulatory support; advanced heart failure;
minimally invasive; axial-flow pump

1. Introduction

“Advanced”, “refractory”, or “end-stage” heart failure (HF) describes a clinical syn-
drome characterized by persistent or progressive symptoms and ventricular dysfunction
despite guideline-directed medical therapy [1-5]. Patients with end-stage HF fall into
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stage D of the ABCD classification of the American College of Cardiology/American Heart
Association, and class III-IV of the New York Heart Association functional classification [6].

The prevalence of advanced HF is a real epidemiological challenge with variable
reports in different studies and registries, due to the diversity of the definitions used
and the populations studied [6]. The prevalence of advanced HF was estimated at 5%
of all HF patients by the 2008 Acute Decompensated Heart Failure National Registry
(ADHERE) [7], between 6 to 25% in 2011 [8], and 1 to 10% of the total population with HF
in 2018 [5]. In 2020, it was reported that of the total population with HF (8.52 cases per
1000 inhabitants) 29% have mild HF, 19% moderate HF, and 51% severe HF [9]. Despite
discrepancies regarding the prevalence of advanced HF, there is a unanimous consensus on
the increased prevalence of this pathology in the context of an aging population and the
increased survival of patients with HF [10].

The individual and socio-economic burden of the disease is extremely high, with
estimates suggesting that the total cost of HF in the United States will increase from USD
30.7 billion in 2012 to USD 69.8 billion in 2030 [11]. In 2019, The American Heart Association
estimated the cost of each case of HF to be USD 5380 [12], leading to a global economic
burden of the disease reaching USD 346.17 billion [9]. Furthermore, the mortality of patients
with advanced HF is extremely high [13], with an estimated 1-year survival ranging from
50 to 71.9% [7,14].

All patients for whom medical therapy alone is insufficient to optimize hemodynamics
and improve end-organ function should be evaluated for advanced HF therapies: long-
term mechanical circulatory support (MCS) or cardiac transplantation [1,3]. Although
it remains the gold standard [1], the shortage of donors makes heart transplantation a
limited option. Therefore, the focus is being diverted towards MCS devices as potential
short- and long-term solutions [15]. The data published by the International Society for
Heart and Lung Transplantation show an increase in the use of MCS for pre-transplant
patients with a rapid increase from 2007 to 2013 and a relatively constant subsequent use of
about 50% [15]. The close follow-up of advanced HF patients is mandatory for appropriate
candidate selection and timing for circulatory support [16]. The Interagency Registry for
Mechanically Assisted Circulation (INTERMACS) classification system provides a risk
stratification to better define the prognosis and urgency of intervention [5,16,17].

MCS has steadily evolved over the past few decades [18-21], leading to the increased
survival and quality of life of patients in advanced HF, as demonstrated by key clinical
trials [19,22-28]. At present, survival rates following the insertion of a left ventricular assist
device (LVAD) have reached 81.5% at 1 year and 71.2% at 2 years [29].

The greatest potential impact of MCS on public health is for patients with oral therapies
for HE, long before the development of cardiogenic shock and multiple organ dysfunction,
in which support could be initiated electively with long-term benefits and diminished
perioperative risk [30]. However, important complications [29,31] as well as high costs [32]
still limit the clinical use of these devices. The average cost of LVAD-related hospitalization
increased from USD 194,380 in 2005 to USD 234,808 in 2011 [33]. A 2017 paper on LVADs
cost-effectiveness in France showed that the use of LVAD in patients with end-stage HF
yields greater benefits in terms of survival than medical management at an extra lifetime
cost exceeding the EUR 100,000/ quality-adjusted life year (QALY). Currently, LVADs are
included in the basic healthcare package in several countries, such as the USA, the UK,
Norway, the Netherlands, and France [34]. Another 2016 study of the cost-effectiveness
of LVADs as destination therapy in ambulatory patients with advanced HF showed that
LVAD:s in non-inotrope-dependent HF patients improved quality of life but substantially
increased lifetime costs because of frequent readmissions and costly follow-up care (the
mean cost of LVAD implantation was USD 175,420). The mean cost of readmission was
lower before LVAD than after (USD 12,377 vs. USD 19,465, respectively; p < 0.001), while
monthly outpatient costs were similar (USD 3364 vs. USD 2974, respectively; p = 0.54) [35].
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It is also very important to stress the benefits of cardiac rehabilitation in VAD pa-
tients to progressively reduce the physical and functional impairments in order to resume
meaningful daily activities [36].

While improving survival and quality of life in their recipients, LVADs” major limi-
tations refer to thrombus formation, hemolysis, infections, gastrointestinal bleeding, and
pump malfunction [28,29].

Different LVADs are being designed to address these issues. Computational flow sim-
ulations may enhance the information of clinical image data and may have an application
in clinical investigations of hemodynamic changes in LVAD-supported patients. [37,38].

In this context, our multidisciplinary team of bioengineers, cardiologists, and cardio-
vascular surgeons designed an innovative circulatory assist device to support patients
with advanced HF. We used mathematical modeling, turbomachinery preliminary design,
Computed Fluid Dynamics (CFD) simulation, Computer-Assisted Design, and stereolithog-
raphy 3D printing, presenting the results of the concept, design, and early prototyping of a
minimally invasive, fully implantable LVAD.

2. Materials and Methods
2.1. Concept Development

Our main objective was the development of a fully implantable, low-cost LVAD based
on a holistic and integrative approach. The patient’s needs for autonomy, durability and
low risk of infection, the manufacturer’s needs of low cost and reproductible design, and the
needs of the healthcare professional regarding easiness of implantation and follow-up were
carefully analyzed and addressed after an extensive literature and patent database review.

2.2. Mathematical Modeling

Once the type and the range of diameters of the pump were established, we used
mathematical modeling to derive the various rotational speeds of different pump sizes for
various flow rates.

We introduced the pump dimensions, the flow rates, and the standardized differential
pressure of 100 mmHg in the following equations:

17

- Using AP =1.33 x 10* N/m? and blood density p, we calculated the specific work “y”.
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- For different impeller diameters D (11-15 mm) and flow rates V (1-10 L/min), the
specific diameter 6 was calculated.
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- For each calculated specific diameter (J), on the Cordier diagram, we graphically
estimated [39] the specific speed (¢) at the intersection of 6 with the optimal efficiency
interval for axial pumps. After that, the rotation speed of the pump (1) was derived:
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For each pump size, we identified the flow rate at which the pump works with
maximum efficiency according to the “Efficiency Distribution as a Function of Specific
Speed for Turbo Machines Diagram” [40].

®)

2.3. Preliminary Pump Design

The design operating point, the pump type, and the dimensions developed in the
previous steps were the inputs to create a preliminary design of the pump in turbomachin-
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ery interactive design software—CFturbo (2020 R2.4 CFturbo GmbH, Dresden, Germany).
The geometries of the pump’s components (impeller, stator, inducer, and diffuser) were
automatically generated. We adjusted the number of blades and their angles and the length
of each element following the flow trajectories and velocities predicted by the software.

2.4. Computational Fluid Dynamics

The preliminary pump design developed in CFturbo was exported to Solidworks Flow
Simulation, where in silico tests were performed running CFD analysis.

2.5. Computer-Assisted Design

Having the conceptual system, the dimensions, and the geometry of the pump, the
entire system (pump, motor, cannula, bearings) was designed and prepared for material-
ization with computer-aided design software Solidworks (Dassault Systemes SolidWorks
Corporation, Waltham, MA, USA) in a variety of combinations and sizes. Photo-realistic
renderings were produced from the 3D model with the PhotoView 360 Solidworks add-in.

2.6. Early Prototyping

The initial prototype was printed using a 2.86 mm polycarbonate (PC) filament with
a layer resolution of 100 microns and 50% infill support. The second prototype was
developed using a stereolithography (SLA) printer (Form 2, Formlabs, MA, USA) with a
layer resolution of 25 microns. The post-processing procedure consisted of a 5 min wash
in 99.9% isopropyl alcohol and 60 min in an ultraviolet light curing unit at 60 °C for the
material to achieve its optimal mechanical properties. After the curing process, the elements
were assembled and checked for appearance and tolerance.

3. Results
3.1. Concept and Design

The device is composed of two systems: the implantable system with the function
of pumping blood from the left heart to the arterial system, and the external system that
performs the functions of wireless power supply to the implant and communication with
the user and caregivers.

After a literature review of the minimally invasive techniques used in MCS, we decided
to adopt the pectoral subcutaneous implantation popularized by CircuLite Synergy [41].
This type of implantation allowed us to integrate the wireless power transmission with
benefits of simplified surgery and maximal efficiency in wireless power delivery.

We established the following requirements for the implant: to pump up to 10 L/min
of blood at 100 mmHg, to operate autonomously from the external power supply for
at least 30 min, to be able to wirelessly receive power from the external power supply,
to wirelessly exchange information with external system, to be able to adjust the blood
flow according to external controls, and to be biocompatible with tissues in contact. To
meet the functional requirements, we decided that the implantable system should contain
a housing, a rechargeable battery, an antenna, an electronic circuit, an electrical motor,
and a pump. We conceived an innovative, rim-driven, hubless axial-flow pump that can
meet the requirements for flow and pressure in the limited space available under the skin
in the thoracic (pectoral) area. The outflow cannula of the implant is connected to the
left subclavian artery proximal to the implantation incision, while the inflow (aspiration)
cannula is connected to the left atrium either via the endovascular approach (Figure 1)
or surgery.

To ensure the wireless transmission of power and autonomy, the device was designed
with an electromagnetic induction energy antenna and an internal battery.

The electro-mechanical assembly (Figure 2) is composed of an electric motor and a
mechanical gear. The rotational movement of the motor axis is transmitted through the
mechanical gear to a tube parallel to the motor. One of the two elements of the transmission,
two bearings, and two sealing elements are mounted on the outer surface of the tube. The
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sealing elements separate the inside of the pump from the rest of the device, preventing
contact of the blood with the transmission, the motor, and the electronic circuit. The
propeller of the pump is rotated together with the tube with whose internal surface forms
a common body, moving the blood from the heart to the subclavian artery. Synthetic
grafts connect the device to the heart and the subclavian artery. The surfaces of the pump,
the sealing elements, and the housing were designed to be biocompatible (amorphous
tetrahedral carbon coating). An external source transmits the energy via electromagnetic
resonance to the antenna, and the management unit distributes it for the function of the
device as well as for charging the battery.

Figure 1. The circulatory assist device—example of implantation in a subcutaneous pocket with
inflow cannula connected endovascularly to the left atrium and the outflow cannula in the subclavian
artery. Legend: 1: device, 2: antenna, 3: outflow cannula, 4: inflow cannula, 5: subclavian artery, 6:
left atrium.

Figure 2. The implantable system of the device—section through the housing. Legend: 1: motor,
2: mechanical transmission, 3: pump rotor, 4: electronic circuit, 5: housing, 6: bearings, 7: sealing
elements, 8: battery, 9: outflow cannula, 10: inflow cannula.
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3.2. Mathematical Modeling

Considering the results from the previous steps (axial-flow pump, desired flow, and
pressure), we used mathematical modeling to calculate the optimal functional/dimensional
pump characteristics. As percutaneous implantation constrains the outer diameter of the
device, we identified the speed—flow relation for pumps with a diameter of 11 to 15 mm
using the equations described in the previous section (Figure 3).

=——D=11 mm == D=12 mm =h=—D=13 mm D=14 mm ==¥=D=15mm

18,000

16,758

16,000

14,000

12,000

ROTATIONAL SPEED ROT/MIN

10,000

8,000

6,000

FLOW L/MIN

Figure 3. Graphical representation of the values of rotational speeds required for different pump
diameters to provide different flow rates calculated by mathematical modeling and approximated on
the Cordier diagram. D, diameter.

According to the mathematical calculations and graphical approximations on the
operation diagrams of the turbomachines [40], the optimal operating parameters for the
different diameters of the pumps at a pressure difference of 100 mmHg are shown in Table 1.
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Table 1. The optimal operating parameters for different pump diameters at a pressure difference of
100 mmHg.

Diameter Rotation per Minute Corresponding Flow (Q)
(mm) (Maximum Efficiency) (L)
11 15,956 9.9
12 14,615 11.8
13 13,515 13.8
14 12,551 16
15 11,672 18.5

3.3. The Preliminary Design of the Pump

CFturbo provided the means to obtain the preliminary design of the pump. In the
dialog window of the software, we introduced pump type, operating fluid, total pressure
difference, flow rate, and rotational speed. Density and kinematic viscosity were defined
as 1060 kg/m3 and 3 x 107% m?/s, respectively, and the design operating point was set to
AP =100 mmHg, Q =10 L/min, and n = 16,758 rot/min. The pump inner part consisting
of an inducer, impeller, and diffuser was calculated at 13 mm length and 11 mm diameter.
The inducer is an inlet stator with three blades parallel with the pump’s axis for directing
blood flow (Figure 4). The impeller is a three-blade helical rotor with a wrapped angle of
235° and 225° at the hub and shroud sections of the pump, respectively, that transforms
rotational movement into hydrodynamic energy. The diffuser contains three blades that
contribute to axial flow of the blood and improve efficiency.

Figure 4. Resulting 3D geometries of the pump. From left to right: inducer (black), impeller (red),
diffuser (purple).

3.4. Computed Fluid Dynamics

CFD analysis showed that the 11 mm diameter, hubless axial-flow pump was capable
of pumping 10 L/min at 100 mmHg with a rotational speed of 16,758 rpm. No evidence
of backflow, swirl, or stagnation was observed inside the pump flow trajectories. The
rotational pattern of flow was maintained by the diffuser at the outlet. The large gap inside
the hubless pump contributed to keeping pressure below 180 mmHg. The internal pump
flow trajectories changed from axial to helical patterns, accelerating blood flow up to 3.5
m/s. Low-speed areas were recorded in the mid zone of the inducer and diffuser (Figure 5).
The temperature increase was less than 0.1 °C.
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Figure 5. CFD analysis shows flow trajectories (top) with velocities (top left), pressures (top right)
and trans-axil plane velocities (bottom).

3.5. Computer-Assisted Design

To pump blood, the impeller must be rotated, which means that the system must
contain several components that transform electrical energy into movement, monitor the
functionality, communicate with the user, and allow a desired implantation technique.

The pump that will circulate the blood is an innovative hubless, inverted axial-flow
pump. Classically, an axial-flow pump has an impeller wrapped around a shaft that is
driven by a motor. In contrast, we designed the impeller inside a tube that may be driven
by an electrical motor. We took into consideration a solution in which an off-the-shelf
electrical motor transmits the torque to the pump by means of a mechanical gear.

The elements were created in CAD software Solidworks (Dassault Systemes Solid-
Works Corporation, Waltham, MA, USA), starting with the impeller and continuing with
the other elements around it (Figure 6). All elements were assembled, and a variety of
images were rendered from different perspectives and sections. The team analyzed the
images and applied the required refinements. Each component was exported as a stere-
olithographic file. Further optimizations were performed after we analyzed the elements
materialized with the 3D printer.

Figure 6. Longitudinal section through the implant including battery, motor, transmission, pump,
antenna, suction, and discharge.
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3.6. Early Prototyping

The preliminary design of the pump created in CF-turbo was exported into Solid-
works for further refinement and analysis. Different housing geometries were created and
exported in .stl format. The first iteration was 3D-printed with a fused filament fabrication
technique (Figure 7).

Figure 7. Prototype of the device made using fused deposition modeling technique.

Following the second iteration, the models were materialized at a resolution of
25 microns with clear resin stereolithography technique (Form 2, Formlabs, Somerville,
MA, USA).

4. Discussion

This device was designed with the aim to meet three main needs in long-term mechan-
ical circulatory supports: low cost, minimally invasive implantation techniques, and low
risk of infection.

The device was designed to contain an off-the-shelf motor, bearings, and battery. The
electronics, housing, and the pump may be externalized to specialized manufacturers at
an estimated low cost. This approach establishes the premises of reducing production
costs as well as the need of complex manufacturing facilities that can be a real solution in
developing countries where the cost of the current available ventricular assist devices on
the market is prohibitive for accessing these therapies [42]. The drawback of the modularity
approach is a higher volume compared with a highly integrated variant.

Implantation in a subcutaneous pocket in a single piece similar to an implantable
defibrillator without sternotomy or thoracotomy and cardiopulmonary bypass creates the
premise for a greater acceptance by both doctors and patients, eliminating the need for a
highly invasive intervention, as is the case of on-the-market available devices [43,44]. How-
ever, connecting the inflow cannula to the heart endovascularly is a complex intervention
and limits the size of the inflow cannula which may allow only partial support of up to
3-5 L/min for an adult patient.

Implantation under the skin creates the premise of wireless energy transmission with
high efficiency and low heating of nearby tissues, with the effect of reducing the risk
of infection, known as a very important complication in current devices [45,46]. Using
transcutaneous energy transfer may present side effects that may occur due to surrounding
tissues being heated.
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CFD analysis confirmed that pressure and velocity inside the pump should be lower
than the hemolysis threshold. The pattern of the helical flow trajectories at the pump outlet
suggests that the shape of the diffuser needs further improvement.

There are several limitations related to this project.

There is some concern regarding the interaction between the cardiovascular system
and the device in terms of resistance, compliance, and hemodynamics during ventricular
interactions. Suction prevention and the avoidance of hemodynamic imbalance between
the ventricles need to be addressed and optimized based on pump speed/flow modulation
using a software function, which allows hemodynamic monitoring and speed control.
Potential for the mechanical failure of the system remains, which we are considering
to address based on a compromise between efficiency and safety. The use of modeling
and simulation will play an even more critical role at this stage to determine the safety
boundary to work within and the adequacy of material thickness to be used. Our in silico
simulations confirmed the appropriate performance of the device in terms of flow and
pressure generation. Nevertheless, low pressure at the inlet and low flow in mid zone at
the outlet has raised awareness of the potential for thrombus formation in these areas. This
issue may be addressed with a small hub to reduce the onset of low speed in these areas.

Innovative materials for the device are beyond the scope of this paper.

We propose the design of a ventricular assist device which is still under development.
The next stage will focus on in vitro testing to validate its performance in terms of flow
visualization and hemolysis level. We expect the test results to provide further input for
design optimization. Concerns remain regarding the appropriate flow pattern to achieve
bearing wash out and rotor-stator gap to reduce the potential for thrombus formation.
We are considering the use of hydro-magnetic, active magnetic, or mechanical bearings
to reduce the potential for hemolysis and thrombus formation, although it may lead
to a significant cost increase. Although the device is still in its developing phase, we
believe it is worth discussing our preliminary results given the innovative approach used.
Mathematical formulation, interactive turbo-machinery design, and computational fluid
dynamics simulation confirm the feasibility of the proposed concept. The next stage is the
acquisition of valuable information to proceed to animal testing.

5. Conclusions

We designed a low-cost, minimally invasive, fully implantable mechanical circulatory
support device with a rim-driven, hubless axial-flow pump and wireless energy transmis-
sion. The device has the potential to address more patients with advanced heart failure,
with particular reference to those in developing countries. Further work is needed for
device optimization.

6. Patents
Patent nr 131433, State Office for Inventions and Trademarks, Romania, 29 March 2019.

Author Contributions: Conceptualization, EA.P. and G.T.; data curation, C.E.P, I.B.B., A.B. and
A.T.; formal analysis, FA.P, .B.B., A.B. and A.T.; methodology, EA.P., C.E.P. and G.T.; resources,
C.E.P. and G.T;; software, F.A.P.; supervision, C.E.P. and G.T.; validation, G.T.; visualization, G.T.;
writing—original draft, EA.P., C.E.P. and G.T.; writing—review and editing, .B.B., A.B., A.T. and G.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Conflicts of Interest: The authors declare no conflict of interest.



Bioengineering 2022, 9, 201 11 of 13

References

1.

10.
11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Bohm, M.; Burri, H.; Butler, J.; Celutkiene, J.; Chioncel,
O.; et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: Developed by the Task Force
for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC) With the special
contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2021, 42, 3599-3726. [PubMed]

Russell, S.D.; Miller, L.W.; Pagani, ED. Advanced heart failure: A call to action. Congest. Heart Fail. 2008, 14, 316-321. [CrossRef]
[PubMed]

Hunt, S.A.; Abraham, W.T.; Chin, M.H.; Feldman, A.M.; Francis, G.S.; Ganiats, T.G.; Jessup, M.; Konstam, M.A.; Mancini, D.M,;
Michl, K; et al. 2009 Focused Update Incorporated Into the ACC/AHA 2005 Guidelines for the Diagnosis and Management of
Heart Failure in Adults: A Report of the American College of Cardiology Foundation/ American Heart Association Task Force on
Practice Guidelines Developed in Collaboration with the International Society for Heart and Lung Transplantation. J. Am. Coll.
Cardiol. 2009, 53, e1-€90. [PubMed]

Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, ].G.E; Coats, A.].S.; Falk, V.; Gonzélez-Juanatey, ].R.; Harjola, V.-P;
Jankowska, E.A; et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for
the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC) Developed with the
special contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart ]. 2016, 37, 2129-2200.

Crespo-Leiro, M.G.; Metra, M.; Lund, L.H.; Milicic, D.; Costanzo, M.R,; Filippatos, G.; Gustafsson, E; Tsui, S.; Barge-Caballero, E.;
de Jonge, N.; et al. Advanced heart failure: A position statement of the Heart Failure Association of the European Society of
Cardiology. Eur. |. Heart Fail. 2018, 20, 1505-1535. [CrossRef]

Chaudhry, S.P.,; Stewart, G.C. Advanced Heart Failure: Prevalence, Natural History, and Prognosis. Heart Fail. Clin. 2016, 12,
323-333. [CrossRef]

Costanzo, M.R.; Mills, R.M.; Wynne, J. Characteristics of “Stage D" heart failure: Insights from the Acute Decompensated Heart
Failure National Registry Longitudinal Module (ADHERE LM). Am. Heart J. 2008, 155, 339-347. [CrossRef]

Abouezzeddine, O.F; Redfield, M.M. Who has advanced heart failure? Definition and epidemiology. Congest. Heart Fail. 2011, 17,
160-168. [CrossRef]

Lippi, G.; Sanchis-Gomar, F. Global epidemiology and future trends of heart failure. AME Med. |. 2020, 5, 15. [CrossRef]
Savarese, G.; Lund, L.H. Global Public Health Burden of Heart Failure. Card. Fail. Rev. 2017, 3, 7-11. [CrossRef]

Heidenreich, P.A.; Albert, N.M.; Allen, L.A.; Bluemke, D.A; Butler, J.; Fonarow, G.C.; Ikonomidis, J.S.; Khavjou, O.; Konstam,
M.A.; Maddox, T.M; et al. Forecasting the impact of heart failure in the United States. A policy statement from the American
heart association. Circ. Heart Fail. 2013, 6, 606-619. [CrossRef] [PubMed]

Benjamin, E.; Muntner, P.; Alonso, A.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; American Heart Association Council on
Epidemiology and Prevention Statistics Committee and Stroke Statistics Subcommitee. Heart Disease and Stroke Statistics—2019
Update: A report from the American Heart Association. Circulation 2019, 139, e56—-e528. [CrossRef] [PubMed]

Roth, G.A.; Mensah, G.A.; Johnson, C.O.; Addolorato, G.; Ammirati, E.; Baddour, L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin,
E.J.; Benziger, C.P; et al. Global Burden of Cardiovascular Diseases and Risk Factors, 1990-2019: Update from the GBD 2019
Study. J. Am. Coll. Cardiol. 2020, 76, 2982-3021. [CrossRef] [PubMed]

Friedrich, E.B.; Bohm, M. Management of end stage heart failure. Heart 2007, 93, 626-631. [CrossRef]

Khush, K.K.; Cherikh, W.S.; Chambers, D.C.; Harhay, M.O.; Hayes, D.; Hsich, E.; Meiser, B.; Potena, L.; Robinson, A.; Rossano,
J.W.; et al. The International Thoracic Organ Transplant Registry of the International Society for Heart and Lung Transplantation:
Thirty-sixth adult heart transplantation report—2019; focus theme: Donor and recipient size match. J. Heart Lung Transplant. 2019,
38, 1056-1066. [CrossRef]

Truby, L.K.; Rogers, ].G. Advanced Heart Failure: Epidemiology, Diagnosis, and Therapeutic Approaches. JACC Heart Fail. 2020,
8, 523-536. [CrossRef]

Kirklin, J.K.; Naftel, D.C.; Stevenson, L.W.; Kormos, R.L.; Pagani, ED.; Miller, M.A ; Ulisney, K.; Young, ].B. INTERMACS Database
for Durable Devices for Circulatory Support: First Annual Report. J. Heart Lung Transplant. 2008, 27, 1065-1072. [CrossRef]
Han, J.; Trumble, D.R. Cardiac assist devices: Early concepts, current technologies, and future innovations. Bioengineering 2019,
6, 18. [CrossRef]

Sidhu, K.; Lam, PH.; Mehra, M.R. Evolving trends in mechanical circulatory support: Clinical development of a fully magnetically
levitated durable ventricular assist device. Trends Cardiovasc. Med. 2020, 30, 223-229. [CrossRef]

Graefe, R.; Grof3-Hardt, S. Second-generation ventricular assist devices. In Mechanical Circulatory and Respiratory Support; Gregory,
S.D., Stevens, M.C., Fraser, ].F, Eds.; Academic Press: Cambridge, MA, USA, 2018; pp. 117-150. ISBN 9780128104910.

Vieira, J.L.; Ventura, H.O.; Mehra, M.R. Mechanical circulatory support devices in advanced heart failure: 2020 and beyond. Prog.
Cardiovasc. Dis. 2020, 63, 630-639. [CrossRef]

Rose, E.A.; Moskowitz, A.J.; Packer, M.; Sollano, J.A.; Williams, D.L.; Tierney, A.R.; Heitjan, D.E,; Meier, P.; Ascheim, D.D.; Levitan,
R.G.; et al. The REMATCH Trial: Rationale, Design, and End Points. Ann. Thorac. Surg. 1999, 67, 723-730. [CrossRef]

Slaughter, M.S.; Rogers, ].G.; Milano, C.A.; Russell, S.D.; Conte, ].V.; Feldman, D.; Sun, B.; Tatooles, A.]J.; Delgado, R-M., III; Long,
J.W,; et al. Advanced Heart Failure Treated with Continuous-Flow Left Ventricular Assist Device. N. Engl. J. Med. 2009, 361,
2241-2251. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/34447992
http://doi.org/10.1111/j.1751-7133.2008.00022.x
http://www.ncbi.nlm.nih.gov/pubmed/19076855
http://www.ncbi.nlm.nih.gov/pubmed/19358937
http://doi.org/10.1002/ejhf.1236
http://doi.org/10.1016/j.hfc.2016.03.001
http://doi.org/10.1016/j.ahj.2007.10.020
http://doi.org/10.1111/j.1751-7133.2011.00246.x
http://doi.org/10.21037/amj.2020.03.03
http://doi.org/10.15420/cfr.2016:25:2
http://doi.org/10.1161/HHF.0b013e318291329a
http://www.ncbi.nlm.nih.gov/pubmed/23616602
http://doi.org/10.1161/CIR.0000000000000659
http://www.ncbi.nlm.nih.gov/pubmed/30700139
http://doi.org/10.1016/j.jacc.2020.11.010
http://www.ncbi.nlm.nih.gov/pubmed/33309175
http://doi.org/10.1136/hrt.2006.098814
http://doi.org/10.1016/j.healun.2019.08.004
http://doi.org/10.1016/j.jchf.2020.01.014
http://doi.org/10.1016/j.healun.2008.07.021
http://doi.org/10.3390/bioengineering6010018
http://doi.org/10.1016/j.tcm.2019.05.013
http://doi.org/10.1016/j.pcad.2020.09.003
http://doi.org/10.1016/S0003-4975(99)00042-9
http://doi.org/10.1056/NEJMoa0909938
http://www.ncbi.nlm.nih.gov/pubmed/19920051

Bioengineering 2022, 9, 201 12 of 13

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Rogers, ].G.; Pagani, ED.; Tatooles, A.].; Bhat, G.; Slaughter, M.S.; Birks, E.J.; Boyce, S.W.; Najjar, S.S.; Jeevanandam, V.; Anderson,
A.S.; et al. Intrapericardial Left Ventricular Assist Device for Advanced Heart Failure. N. Engl. |. Med. 2017, 376, 451-460.
[CrossRef] [PubMed]

Milano, C.A.; Rogers, ].G.; Tatooles, A.].; Bhat, G.; Slaughter, M.S.; Birks, E.].; Mokadam, N.A.; Mahr, C.; Miller, J.S.; Markham,
D.W.; et al. HVAD: The ENDURANCE Supplemental Trial. JACC Heart Fail. 2018, 6, 792-802. [CrossRef]

Mehra, M.R; Uriel, N.; Naka, Y.; Cleveland, J.C., Jr.; Yuzefpolskaya, M.; Salerno, C.T.; Walsh, M.N.; Milano, C.A.; Patel, C.B,;
Hutchins, S.W.; et al. A Fully Magnetically Levitated Left Ventricular Assist Device—Final Report. N. Engl. |. Med. 2019, 380,
1618-1627. [CrossRef]

Jorde, U.P; Kushwaha, S.S.; Tatooles, A.J.; Naka, Y.; Bhat, G.; Long, ].W.; Horstmanshof, D.A.; Kormos, R.L.; Teuteberg, J.J.;
Slaughter, M.S.; et al. Results of the destination therapy post-food and drug administration approval study with a continuous
flow left ventricular assist device: A prospective study using the INTERMACS registry (interagency registry for mechanically
assisted circulatory support. J. Am. Coll. Cardiol. 2014, 63, 1751-1757. [CrossRef]

Kormos, R.L.; Cowger, J.; Pagani, ED.; Teuteberg, ].].; Goldstein, D.].; Jacobs, ].P; Higgins, R.S.; Stevenson, L.W.,; Stehlik, J.; Atluri,
P; et al. The Society of Thoracic Surgeons Intermacs database annual report: Evolving indications, outcomes, and scientific
partnerships. J. Heart Lung Transplant. 2019, 38, 114-126. [CrossRef]

Molina, E.J.; Shah, P; Kiernan, M.S.; Cornwell, WK_; Copeland, H.; Takeda, K.; Fernandez, EG.; Badhwar, V.; Habib, R.H.; Jacobs,
J.P; et al. The Society of Thoracic Surgeons Intermacs 2020 Annual Report. Ann. Thorac. Surg. 2021, 111, 778-792. [CrossRef]
Cascino, T.M.; Aaronson, K.D.; Stewart, G.C. Identifying Stage D Heart Failure: Data from the Most Recent Registries. Curr. Heart
Fail. Rep. 2019, 16, 130-139. [CrossRef]

Ali, ] M.; Abu-Omar, Y. Complications associated with mechanical circulatory support. Ann. Transl. Med. 2020, 8, 835. [CrossRef]
Marasco, S.F.; Summerhayes, R.; Quayle, M.; McGiffin, D.; Luthe, M. Cost comparison of heart transplant vs. Left ventricular
assist device therapy at one year. Clin. Transplant. 2016, 30, 598-605. [CrossRef] [PubMed]

Miller, L.W.; Guglin, M.; Rogers, J. Cost of ventricular assist devices can we afford the progress? Circulation 2013, 127, 743-748.
[CrossRef] [PubMed]

Tadmouri, A.; Blomkvist, J.; Landais, C.; Seymour, J.; Azmoun, A. Cost-effectiveness of left ventricular assist devices for patients
with end-stage heart failure: Analysis of the French hospital discharge database. ESC Heart Fail. 2018, 5, 75-86. [CrossRef]
[PubMed]

Baras Shreibati, J.; Goldhaber-Fiebert, ].D.; Banerjee, D.; Owens, D.K.; Hlatky, M.A. Cost-Effectiveness of Left Ventricular Assist
Devices in Ambulatory Patients with Advanced Heart Failure. JACC Heart Fail. 2017, 5, 110-119. [CrossRef] [PubMed]

Di Nora, C.; Guidetti, F; Livi, U.; Antonini-Canterin, F. Role of Cardiac Rehabilitation After Ventricular Assist Device Implantation.
Heart Fail. Clin. 2021, 17, 273-278. [CrossRef] [PubMed]

Scardulla, F; Pasta, S.; D" Acquisto, L.; Sciacca, S.; Agnese, V.; Vergara, C.; Quarteroni, A.M.; 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. . Heart Lung Transplant. 2017, 36, 906-913. [CrossRef]

Scardulla, F; Bellavia, D.; D" Acquisto, L.; Raffa, G.M.; Pasta, S. Particle image velocimetry study of the celiac trunk hemodynamic
induced by continuous-flow left ventricular assist device. Med. Eng. Phys. 2017, 47, 47-54. [CrossRef]

Rosarius, N.; Siefs, T.; Reul, H.; Rau, G. Concept, realization, and first in vitro testing of an intraarterial microaxial blood pump
with an integrated drive unit. Artif. Organs 1994, 18, 512-516. [CrossRef]

Reul, H. Technical requirements and limitations of miniaturized axial flow pumps for circulatory support. Cardiology 1994, 84,
187-193. [CrossRef]

Mohite, PN.; Sabashnikov, A.; Simon, A.R.; Weymann, A.; Patil, N.P.; Unsoeld, B.; Bireta, C.; Popov, A.F. Does CircuLite Synergy
assist device as partial ventricular support have a place in modern management of advanced heart failure? Expert Rev. Med.
Devices 2015, 12, 49-60. [CrossRef]

Lim, H.S.; Shaw, S.; Carter, A.W.; Jayawardana, S.; Mossialos, E.; Mehra, M.R. A clinical and cost-effectiveness analysis of
the HeartMate 3 left ventricular assist device for transplant-ineligible patients: A United Kingdom perspective. . Heart Lung
Transplant. 2022, 41, 174-186. [CrossRef] [PubMed]

Schmitto, J.D.; Hanke, J.S.; Rojas, S.V.; Avsar, M.; Haverich, A. First implantation in man of a new magnetically levitated left
ventricular assist device (HeartMate III). J. Heart Lung Transplant. 2015, 34, 858-860. [CrossRef] [PubMed]

Subramanian, S.; Kodavatiganti, R.; Plummer, S.; High, K. Perioperative management of a patient with an axial-flow rotary
ventricular assist device for laparoscopic ileo-colectomy. J. Anaesthesiol. Clin. Pharmacol. 2012, 28, 101-105.

Patel, C.B.; Blue, L.; Cagliostro, B.; Bailey, S.H.; Entwistle, ].W.; John, R.; Thohan, V.; Cleveland, J.C., Jr.; Goldstein, D.J.; Uriel, N.;
et al. Left ventricular assist systems and infection-related outcomes: A comprehensive analysis of the MOMENTUM 3 trial. J.
Heart Lung Transplant. 2020, 39, 774-781. [CrossRef]

Juraszek, A.; Smolski, M.; Kolsut, P.; Szymanski, J.; Litwiniski, P.; Kusmierski, K.; Zakrzewska-Koperska, J.; Sterlifiski, M.;
Dziodzio, T.; Kusmierczyk, M. Prevalence and management of driveline infections in mechanical circulatory support—A single
center analysis. J. Cardiothorac. Surg. 2021, 16, 216. [CrossRef]


http://doi.org/10.1056/NEJMoa1602954
http://www.ncbi.nlm.nih.gov/pubmed/28146651
http://doi.org/10.1016/j.jchf.2018.05.012
http://doi.org/10.1056/NEJMoa1900486
http://doi.org/10.1016/j.jacc.2014.01.053
http://doi.org/10.1016/j.healun.2018.11.013
http://doi.org/10.1016/j.athoracsur.2020.12.038
http://doi.org/10.1007/s11897-019-00433-2
http://doi.org/10.21037/atm.2020.03.152
http://doi.org/10.1111/ctr.12725
http://www.ncbi.nlm.nih.gov/pubmed/26913688
http://doi.org/10.1161/CIRCULATIONAHA.112.139824
http://www.ncbi.nlm.nih.gov/pubmed/23401115
http://doi.org/10.1002/ehf2.12194
http://www.ncbi.nlm.nih.gov/pubmed/28741873
http://doi.org/10.1016/j.jchf.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/28017351
http://doi.org/10.1016/j.hfc.2021.01.008
http://www.ncbi.nlm.nih.gov/pubmed/33673951
http://doi.org/10.1016/j.healun.2017.03.016
http://doi.org/10.1016/j.medengphy.2017.06.029
http://doi.org/10.1111/j.1525-1594.1994.tb03369.x
http://doi.org/10.1159/000176397
http://doi.org/10.1586/17434440.2015.985208
http://doi.org/10.1016/j.healun.2021.11.014
http://www.ncbi.nlm.nih.gov/pubmed/34922821
http://doi.org/10.1016/j.healun.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25920932
http://doi.org/10.1016/j.healun.2020.03.002
http://doi.org/10.1186/s13019-021-01589-6

	Introduction 
	Materials and Methods 
	Concept Development 
	Mathematical Modeling 
	Preliminary Pump Design 
	Computational Fluid Dynamics 
	Computer-Assisted Design 
	Early Prototyping 

	Results 
	Concept and Design 
	Mathematical Modeling 
	The Preliminary Design of the Pump 
	Computed Fluid Dynamics 
	Computer-Assisted Design 
	Early Prototyping 

	Discussion 
	Conclusions 
	Patents 
	References

