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Abstract: This paper presents the results of experimental performance of an innovative left ventric-
ular assist device working on a specially designed test stand. The introduced invention is mainly
applied for supporting the heart in patients with end-stage heart failure accompanied by mitral valve
regurgitation and pulmonary hypertension. Moreover, the developed device has the form of a flexible
balloon forming an intracardiac inert gas-filled working chamber, which is divided into two smaller
balloons (valve and ventricular) inflated with gas during use. In addition to supporting the heart,
replacing the work of the left ventricle in a permanent manner is also possible. Furthermore, the
designed test stand makes it possible to carry out realistic experiments in an environment resembling
a human heart. Exemplary pressure measurements for hypotension and hypertension conditions
are presented.
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1. Introduction

Escalation of rapidly progressive heart failures inflicts considerable morbidity and
mortality [1]. As a result, this further leads to increased consumption of significant health-
care resources and affects quality of life. Left ventricular assist devices (LVAD) such as
intra-aortic balloon pump, IMPELLA® [2], VA ECMO (e.g., [3,4]), POLVAD [5], Levit-
ronix [6], CentriMag™ [7], TandemHeart™ [8], HeartMate 3™ [7], HeartWare™ [9], are
used for advanced heart failure, when advanced conservative treatment is not sufficient to
prevent further deterioration of the patients’ condition. There are two treatments for such
disease, namely heart transplantation and artificial heart pumps. Heart transplantation in
patients with advanced heart failure is considered the best treatment option [10] but at the
same time can be difficult because of the relatively high costs, lack of donor organs, and
the growing number of patients waiting for heart transplantation [11–14] as well as organ
rejection and mortality rates.

LVAD is an effective therapeutic approach as a bridge to heart transplantation [15,16]
for patients with end-stage heart failure and are also increasingly being used for destination
therapy [17]. Two main types of LVAD can be distinguish, i.e., pulsatile and continuous
flow devices. Until 2009, pulsatile flow pumps were common, whereas since 2010, continu-
ous flow pumps have been used almost exclusively [18,19]. One can further distinguish
centrifugal and axial blood pumps where the latter is much smaller in comparison to the
former [20]. As axial blood pumps require much higher angular velocities to increase outlet
pressure, this can lead to blood damage, i.e., thrombosis [21] and haemolysis [22,23]. What
is more, the functioning of most currently available implantable devices is based on the
mechanism of continuous blood flow, i.e., delivers a constant pressure, which contributes
to the formation of arrhythmias in the heart [24,25]. The operation of the proposed inno-
vative assist device is based on the strategy of pulsatile flow that is synchronized with
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the heart cycle which will avoid the limitations of the methods used so far. Furthermore,
with chronic heart failure, residual mitral regurgitation is often present, which translates
into pulmonary hypertension in the patient and right ventricular dysfunction. Implanta-
tion of available devices is characterised by elevated pulmonary pressures, poorer right
ventricular function [26,27] and even higher mortality [28].

Implantation of existing cardiac assist devices requires surgery using median ster-
notomy or pericardiotomy, which have adverse effects on patients with severe heart failure.
There is a need to develop a left ventricular assist system with minimally invasive im-
plantation. Minimally invasive surgery is a minor thoracic trauma that does not impair
respiratory process. Instead, it allows early mobilization of the patient and significantly
reduces hospitalization time. Moreover, the devices currently available are used to tem-
porarily support the ailing heart, i.e., to support patients during hospitalization and are
not intended for outpatient applications. HeartMate 3™ and HeartWare™, however, allow
patients returning home, but battery replacement and close monitoring can nevertheless
bring some difficulties. Solutions are still being sought that offer the possibility of per-
manent left ventricular support or replacement in patients with end-stage heart failure
associated with mitral regurgitation and pulmonary hypertension, especially when patients
are resistant to pharmacological treatment [12] and cannot undergo extensive cardiac
surgery due to their medical condition or other reasons. In this case, mechanical circulatory
support is considered a safe and effective treatment strategy for patients with end-stage
heart failure [29–31].

The main purpose of the paper is to introduce an innovative implantable left ven-
tricular assist device and presents its experimental performance that meets the expected
functionality and overcomes the problems of the existing cardiac assist devices.

2. Innovative Assist Device

An innovative device [32,33] for supporting the operation of the left ventricle in
the form of a flexible balloon is shown in Figure 1a. The balloon unit is an intracardiac,
expandable and contractible working chamber, which is divided into a smaller valve
balloon (1) inserted into a valve (3) and a larger ventricular balloon (2) inserted into the left
ventricle (5). The working chamber is thus divided into two sub-balloons, created in the
patient’s heart by expanding the chamber space by gas and then contracting it. Moreover,
both balloons are divided by a narrowing made between the transition of one balloon to the
other. Importantly, the design ensures that the balloons expand and contracts according to
the normal functioning of the left ventricle, so that in the systolic phase the valve balloon (1)
and ventricular balloon (2) are inflated, thereby increasing the stroke volume of the heart.
In the diastolic phase, the valve balloon (1) and the ventricular balloon (2) deflate. In this
way it is possible to effectively occlude the mitral valve, i.e., assisting or replacing the left
ventricle in a permanent manner in patients with end-stage heart failure, accompanied by
mitral valve regurgitation and pulmonary hypertension. Figure 1a also shows the aorta (4)
and the left atrium (6) for reference. Because in the laboratory studies a rigid and elastic
heart model was used, for avoidance of an influence on rheological conditions, a mechanical
valve with known and measurable prosthetic parameters was used. Therefore, the aortic
valve is replaced by an artificial mechanical valve and thus is not presented in Figure 1a.

Moreover, inside the working chamber there is a pneumatic gas supply line to the
balloons. Both balloons are inflated and deflated with an inert gas (e.g., helium) during
use by means of a suction-discharge device. A single pneumatic line supplying both
balloons has been taken into consideration see Figure 1b. The line has at least two outlets,
i.e., inside the valve balloon and furthermore has an additional outlet (or outlets) inside the
ventricular balloon allowing inflation and deflation of the ventricular balloon. The correct
sequential operation of the balloons is due to the difference in size of the balloons and
the appropriately selected outlets (holes), i.e., their position, number and their diameters
(Figure 1b). These parameters were selected during experimental studies, where dozens
of different variants were tested, and the balloons’ work was recorded with a high-speed
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camera and analyzed frame by frame to select the best variant. Other variants are also
possible (e.g., two independent supply lines) [32,33]. However, the former option proved
simpler and better, as it did not require synchronized operation between the pneumatic
lines, was lighter and had lower power consumption.
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(a) (b)
Figure 1. (a) Left ventricular assist device in the left heart: (1)—valve balloon, (2)—ventricular
balloon, (3)—mitral valve, (4)—aorta, (5)—left ventricle, (6)—left atrium; (b) single pneumatic line.

The suction-discharge device reduces and increases the volume of gas-filled balloons in
a sequential manner, i.e., first the valve balloon is inflated with gas and then the ventricular
balloon is inflated in the systolic phase thus increasing the stroke volume of the heart, while
in the diastolic phase the valve and ventricular balloons are deflated. A diagram explaining
the principle of operation is shown in Figure 2.
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Figure 2. Principle of operation diagram.

What is more, a suction-discharge device is connected to the system controlling the
mode of supplying balloons in rhythm with the normal functioning of the left ventricle,
which is controlled by the control system. This ensures precise control of the start and end
of inflation of each balloon so that the ejection of blood into the aorta takes place at the
occluded mitral exit in relation to the heart cycle determined on the basis of simultaneous
ECG measurements. Importantly, changing the volume of gas, inflating the ventricular
balloon in each cycle, provides a precise degree of circulatory support, enabling the regula-
tion of haemodynamic parameters, i.e., regulation of cardiac output by changing the stroke
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volume. This will permit fully controlled, gradual, physiological load on the heart without
increased afterload.

The volume of two balloons can be adjusted to the size of the space to individual
chambers of the heart. Furthermore, the device in the folded state with the balloons
deflated can be implanted in the heart chamber. After implantation at the target site,
the set of balloons takes the final shape. This results in minimally invasive implantation
through the aorta and removal when the function of the left ventricle improves without
the need for extensive cardiac surgery which is associated with the use of extracorporeal
circulation, general anesthesia and endotracheal intubation and therefore with an increased
risk of complications.

3. Methods—Experimental Stand

In order to carry out realistic experiments of the performance of the implantable
left ventricular assist device, an experimental stand (shown in Figure 3) was designed.
The stand consists of a flexible left heart model which is closed in a transparent cylinder
(1). The two balloons are inflated and deflated with gas during use by means of a suction-
discharge device. Other most important elements are: (2)—the flow reservoir that replaces
the pulmonary veins, (3)—the sensor for measuring pressure in the atrium (High Precision
Transmitter ATM.1ST STS Sensor Technik Sirnach), (4)—the sensor for measuring pressure
in the aorta, behind the heart model (High Precision Transmitter ATM.1ST STS Sensor
Technik Sirnach), (5)—the artificial blood mass flow meter (KROHNE OPTIBATCH 4011 C).

Figure 3. Experimental stand: (1)—flexible left heart model closed in a transparent cylinder, (2)—flow
reservoir replacing the pulmonary veins, (3)—atrium pressure sensor, (4)—aorta pressure sensor,
(5)—artificial blood flow meter.

The periodic movement of the suction-discharge device ensures that the balloons
expands and contracts according to the normal functioning of the left ventricle. First,
the valve balloon effectively occludes the mitral valve. Subsequently, the chamber balloon
is filled with gas increasing its volume, therefore pumping a certain amount of artificial
blood (glycerol in water mixture) into the aorta through the valve. Moreover, the stand also
consists of several tanks (flexible and fixed) to ensure that appropriate operating parameters
of the hydraulic system are achieved. The main goal was to provide adequate pressures
mainly in the atrium, ventricle and aorta as well as in other parts of the system. What is
more, the control system with a PLC ensured the specific frequency operation of suction-
discharge device as well as times of balloon inflation and the flexible left heart model.
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In order to reproduce heart contractility, a special compression system of the left
ventricle model (shown in Figures 4 and 5) was designed. This was obtained by using a
transparent and hermetic cylinder imposed on a heart model. A closed volume was created
in this way, in which it was possible to squeeze the heart model in the planned way through
cyclically supplying gas with suitable positive and negative gauge pressure. This provided
the additional required flow of artificial blood in the hydraulic circuit. A gas pressure
sensor placed near a set of balloons was used in a pneumatic system (i.e., suction-discharge
device) together with other sensors, the positions of which are shown in Figure 4b.
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Figure 4. Flexible left heart model in a transparent cylinder—CAD model cross-section: (1)—valve
balloon, (2)—ventricular balloon, (3)—mitral valve, (4)—aorta, (5)—left ventricle, (6)—left atrium, (7)—
pneumatic line, (8)—mechanical aortic valve location, (9)—closed volume for air, (10)—atrial pressure
sensor, (11)—balloon pressure sensor, (12)—ventricular pressure sensor, (13)—aortic pressure sensor.

Figure 5. Flexible left heart model in a transparent cylinder—experimental stand.
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4. Results and Discussion

Figure 6 shows an illustrative Wiggers diagram with the characteristic points high-
lighted, such as the opening and closure of the mitral and aortic valves. On the x-axis is
the time t, which in this case includes two complete heart cycles, and on the y-axis are
the aortic, atrial and ventricular pressures p. Figure 6 provides a reference point for the
experimental plots in Figures 7 and 8.
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Figure 6. Reference Wiggers diagram: mo—mitral valve opening, ao—aortic valve opening, mc—
mitral valve closure, ac—aortic valve closure.
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Figure 7. Experimental results—aortic, atrial and ventricular pressure distributions.

Experimental studies were carried out on the experimental stand in Figure 3 for several
hundred different pumping parameters of the so-called artificial blood. These tests involved
different versions of the pneumatic line. Parameters such as the density and temperature
of the liquid, the frequency of operation of the system (number of balloon inflation and
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deflation cycles), the gas pressure in the balloon, the gas pressure in the cylinder enclosing
the heart model, and the pressure in the hydraulic (blood) system were varied. The
hydraulic flows used the work of the balloons in the heart model from Figures 4 and 5.
Figures 7a,c and 8a,c show pressure plots for two adjacent cycles. Figures 7b,d and 8b,d
show the average pressure values for thirty cycles with superimposed standard deviations
in the form of error intervals.

Figures 7 and 8 shows the two extreme results of the left ventricular assist device
performance. Using the control system, the appropriate balloon operation was achieved.
First, the valve and ventricular balloons were supplied with gas from the suction-discharge
device for half a second, and then the balloons were deflated of gas for another half a
second. It follows that the assist device worked at a rate of 60 cycles per minute.

The plots in Figure 7a correspond to the case where the patient has low blood pres-
sure (hypotension). The aortic pressure took values in the range of approximately 32 to
78 mm Hg. In this case, the average flow rate of a fluid with a density of 1055 kg m−3 was
2.4 kg min−1 (2.27 L min−1). It is known that with cardiac assist, it is possible to pump
fluid (blood) into the hydraulic system when the pressure of the gas in the balloon is
higher than the fluid in the left ventricle. This can be seen in Figures 7a and 8a. The gas
pressure in the ventricular balloon during blood pumping from the the ventricle exceeds
the fluid pressure by approximately 90 mm Hg, while the fluid pressure in the atrium
reaches maximum values of less than 11 mm Hg. Interestingly, the maximum fluid pressure
in the ventricle is higher than that in the aorta (Figure 7a). This is related to the pressure
drop of the flowing fluid in the section between the sensors measuring the pressure in the
ventricle (not visible in Figure 3) and the aorta (4), see Figure 3. This pressure difference
was approximately 14 mm Hg.

For the data in Figure 7c, the aortic pressure reached 137 mm Hg. This pressure will
slightly exceed the blood pressure of a healthy person and is classified as hypertension
stage 1. Atrial fluid pressure reaches a maximum of 9 mm Hg. The fluid density during
the test was 1050 kg m−3 at the average flow rate 2.3 kg min−1 (2.19 L min−1). This time,
the gas pressure in the ventricular balloon during the pumping of fluid from the heart
chamber exceeds the fluid pressure by approximately 100 mm Hg (see Figure 8c). In the
results shown in Figure 7c the maximum fluid pressure in the ventricle was approximately
23 mm Hg higher than that of the artificial blood in the aorta (sensor (4) in Figure 3). In both
results (Figure 7a,c), there were slight pressure pulsations due to the action of the valves
(pneumatic mitral and mechanical aortic) located in the hydraulic system.

On the basis of the experiments carried out, it can be concluded that the actual
measurements in Figure 7a,c correspond to the illustrative Wiggers diagram in Figure 6.
In addition to the obvious qualitative correspondence, it is also possible to reproduce
quantitatively different cases such as normal blood pressure, hypotension or hypertension.
Importantly, pulsatile flow in the left ventricle, aorta and lack of flow during systole
through the mitral valve is the essence of the treatment of end-stage left ventricular failure
accompanied by mitral regurgitation and pulmonary hypertension. This type of heart
failure is currently the greatest challenge for heart failure clinicians, and the problem affects
200,000 patients in the European Union alone.

Moreover, the ease of implantation of the proposed device may not only reduce the
periprocedural risk and may shorten the time spent in the postoperative ward but also may
give a chance for quick and effective rehabilitation of the patient. Importantly, the device
will be implanted intraventricularly and therefore it offers the possibility of supporting the
systolic function of the heart, in contrast to the devices implanted intra-aortally, the opera-
tion of which is based on intra-aortic counterpulsation, i.e., supporting the circulation in
the diastolic phase.
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Figure 8. Experimental results—balloon pressure.

5. Conclusions

The presented experimental results of the innovative assist device show that it may be
capable of supporting by increasing the ejection volume of blood and even replacing the
left ventricle in a permanent manner for patients with end-stage heart failure accompanied
by mitral valve regurgitation and pulmonary hypertension. The above statement is true at
least on a laboratory scale on a specially designed experimental stand and should therefore
be understood as an in vitro proof of concept. This experimental stand permits realistic
reproductions of heart pressures over a wide range: from hypotension to hypertension.

Importantly, the functioning of the proposed assist device is based on the strategy of
pulsatile flow that can be easily synchronized with the heart cycle. Meanwhile, most of the
available devices is based on the mechanism of continuous flow, which can contribute to
the formation of arrhythmias.

As the implantation of the presented assist devices may require less invasive implan-
tation, there is no need to perform median sternotomy. This may be beneficial for frail
patients with unstable circulation, which is an additional advantage of the proposed device.
This also means that the proposed experimental stand can be used to test the safest method
of implanting the device with continuous monitoring of flow rates and pressures in the
heart cavities, which will be the subject of further publications in due time.

Importantly, the introduced device is the only solution that can be used in the presence
of mitral regurgitation, which is not achievable with other known devices. Finally, it may
also be possible to increase the ejection volume of blood as well as to reduce the wedge and
pulmonary trunk pressure in order to reduce the systolic pressure in the right ventricle and
to reduce the triple feedback wave which leads to an improvement in the hemodynamic
conditions of the heart and its efficiency.
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