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Chapter 3

Abstract

Maintaining balanced left and right cardiac outputs in a total artificial heart (TAH) is
challenging due to the need for continuous adaptation to changing hemodynamic
conditions. Proper balance in ventricular outputs of the left and right ventricles requires a
preload sensitive response and mechanisms to address the higher volumetric efficiency of
the right ventricle. This review provides a comprehensive overview of various methods used
to balance left and right ventricular outputs in pulsatile total artificial hearts, categorized
based on their actuation mechanism. Reported strategies include incorporating compliant
materials and/or air cushions inside the ventricles, employing active control mechanisms to
regulate ventricular filling state, and utilizing various shunts (such as hydraulic or intra-atrial
shunts). Furthermore, reducing right ventricular stroke volume compared to the left often
serves to balance the ventricular outputs. Individually controlled actuation of both
ventricles in a pulsatile TAH seems to be the simplest and most effective way to achieve
proper preload sensitivity and left-right output balance. Pneumatically actuated TAHs have
the advantage to respond passively to preload changes. Therefore, a pneumatic TAH that
comprises two individually actuated ventricles appears to be a more desirable option — both
in terms of simplicity and efficacy — to respond to changing hemodynamic conditions.

Background

Heart transplantation remains the golden standard treatment for patients suffering from
end-stage heart failure. However, due to donor shortage, not all patients can receive a heart
transplantation in timel. To overcome the gap between the high number of patients and
the low number of donor hearts, researchers have been working on developing a total
artificial heart (TAH) to serve as a bridge to heart transplantation or destination therapy?. A
TAH is a mechanical device that completely takes over the native heart's pump function and
is implanted in the thoracic cavity after removal of the patient's heart. For more than half a
century, several TAHs have been developed. Currently, two TAHs: SynCardia (SynCardia
Systems, Tucson, AZ, USA) 34 and Carmat (Aeson; Carmat, Vélizy-villacoublay, France)>® are
approved for clinical use, and many other TAHs are under development’°,

Achieving and maintaining a balance between the left and right ventricular outputs is a
major hurdle that has to be overcome when developing a TAH. A TAH has to continuously
adapt its cardiac outputs to changing hemodynamic conditions. Additionally, some blood
ejected by the left ventricle is shunted to the bronchial circulation that converges with the
pulmonary circulation and returns directly to the left atrium. Due to this phenomenon, the
left ventricle must provide a higher output relative to the right ventricle. Under normal
physiological conditions, the bronchial shunt flow accounts for approximately 1% of the
systemic cardiac output. However, under certain conditions, the bronchial shunt flow can
reach up to one third of the left ventricular output!!. Therefore, a TAH must be able to
dynamically increase left versus right stroke volume ratios in response to changing
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Balancing the ventricular outputs of total artificial hearts

hemodynamic conditions. Given the higher afterload of the left ventricle compared to the
right, it is challenging for the left ventricle to obtain higher stroke volumes. If a TAH cannot
maintain balance in ventricular outputs, severe clinical complications such as lung oedema
and respiratory failure arise!?. Respiratory failure is amongst the most reported reasons of
death during chronic animal trials with TAHs?.

The human heart adapts to increased end diastolic volume (EDV), and thus preload, by
increasing stroke volume. This is called the Frank-Starling mechanism 3. TAHs should show
Frank Starling-like behaviour in response to varying hemodynamic perturbations to
maintain balanced outputs between the left and right ventricles. For TAHs, two additional
criteria should be met: 1. a more forceful contraction of the left ventricle compared to the
right, to compensate for its lower volumetric efficiency and 2. a higher left stroke volume
compared to the right stroke volume to compensate for the bronchial shunt flow.

This review focuses balancing mechanisms utilized in pulsatile TAHs. We address the
challenges associated with balanced ventricular outputs in various working mechanisms of
pulsatile TAHs and propose potential solutions to address this issue.

Methods to balance ventricular outputs

Pulsatile TAHs with individually controlled actuation of both ventricles

We can categorize pulsatile TAHs based on working mechanisms. TAHs with individually
controlled actuation of both ventricles can be 1. pneumatically actuated: SynCardia3, Vienna
TAH (University of Vienna, Vienna, Austria) 4, BRNO TAH (Vacord Bioengineering Research
Company, Brno, Czech Republic) **>, Mushroom TAH (The University of Utah, Salt Lake City,
USA) ¢, 2. hydraulically actuated: Carmat® or 3. mechanically actuated: RealHeart (Linképing
University, Linkdping, Sweden) 7. Fluid driven TAH's have a flexible membrane in the base
of the ventricle, separating the blood compartment from a gas/liquid filled compartment.
By increasing pressure and volume in the gas/liquid filled compartment, blood is ejected
from the ventricle. The mechanically driven RealHeart TAH is actuated by two planes
moving up and down, thereby increasing pressure in the ventricle. Because these type of
TAHs can individually control their ventricles, they allow for individual setting of pump
parameters, that facilitate balance in ventricular outputs (Figure 1A).

The SynCardia is a clinically available TAH used for temporary support. The ventricles of the
SynCardia are purposely under-filled (70-85%) to leave a gas filled "cushion" in the ventricle
base that allows for augmentation of increased venous return. Driving pressures, percent
systole time and beat rate are adjusted based on continuously monitored hemodynamic
parameters. The filling states of the ventricles can be calculated based on gas flow through
the drive lines. The SynCardia driving pressure is constantly monitored using sensors in the
external pneumatic driver. The TAH itself is sensor-free. For the SynCardia, the driving
pressure of the right ventricle is set 30 mmHg higher than the pulmonary pressure and for
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Figure 1. Schematic overview of TAH
A categories, based on  working
mechanism. Red colour depicts blood
inside the ventricles. Blue colour depicts
the actuation mechanism. A) Pulsatile
TAHs with Individually controlled
actuation of both ventricles. B) Single
actuation mechanism, volumetrically
coupled ventricles. C) Single actuation
mechanism, volumetrically decoupled

ventricles. * indicates the compliance
chamber.

the left ventricle 60 mmHg higher than the systemic pressure to overcome the higher
volumetric efficiency of the right ventricle3.

The hydraulically actuated Carmat has recently been approved for clinical use. It individually
controls the ventricles by two actuators that are volumetrically decoupled using a compliant
fluid reservoir. During diastole, sensors in the hydraulic compartment continuously monitor
the pressure inside the ventricle, providing an evaluation of the venous return. The
membrane movement is dynamically adjusted to establish an optimal stroke volume®. To
precisely calculate the filling status of the ventricles, the Carmat TAH has incorporated
ultrasonic transducers in both ventricles to monitor the membrane position®.

The RealHeart TAH is currently under development and no mechanisms for preload
sensitivity have been reported yet. However, initial characterisation of the TAH showed
insufficient passive preload sensitivity, indicating the need for automated control’.
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Balancing the ventricular outputs of total artificial hearts

The Vienna TAH, BRNO TAH and mushroom TAH are older TAH devices that are no longer
in development. The Vienna TAH uses a complete filling/partial ejection mode for the
ventricles. The cardiac output is manually changed, based on a left master control method
that adjusts the right ventricular performance based on left atrial pressure!®. In the BRNO
TAH, the beat rate is adjusted such that the right pump fills to 90% of the maximum stroke
to create a cushion that allows for passive preload sensitivity>. Vienna TAH and BRNO TAH
both use higher driving pressures for the left ventricle compared to the right. The
Mushroom TAH has ventricles made from soft, compliant materials. Due to the passive
filling and stretching of the ventricles under higher preloads, a Frank Starling-like behaviour
is obtained?®.

We calculated the preload sensitivity values (I/min/mmHg) of the TAHs, by determining the
slope of the linear regressing of the preload sensitivity curve. For calculating the linear
regression, we utilized preload sensitivity data obtained from literature, which covered a
preload pressure range of 0-15 mmHg. These results are shown in Figure 2A, Table 1 and 2.
The preload sensitivity of the native heart is 0.241, All the pulsatile TAHs with individually
controlled actuation of both ventricles show steep preload sensitivity curves, indicating that
they adequately respond to preload changes by changing stroke volume. The Mushroom
TAH is very preload sensitive due to its compliant ventricles (0.791)¢. The combination of
active and passive mechanisms in the BRNO result in a relatively high preload sensitivity
(0.595)%. The solely passive mechanisms of the SynCardia and Vienna had lower preload
sensitivity values (0.344 and 0.262 respectively) as well as the fully active mechanism of the
Carmat TAH (0.214)>1420,

Single actuation mechanism, volumetrically coupled ventricles

Pulsatile TAHs with single actuation mechanism and volumetrically coupled ventricles have
two blood compartments separated from the actuation compartment by a membrane,
similar to the TAHs with individually controlled actuation of both ventricles. However, these
types of TAHs are actuated by a single actuator that either alternatingly or simultaneously
ejects both ventricles. The ventricles are volumetrically coupled and individual adjustment
in stroke volume of one ventricle is not possible. This means that stroke volume of both
ventricles is equal since the volume reduction caused by one ventricle is compensated for
by filling of the opposing ventricle (Figure 1B). Two alternatingly actuated, volumetrically
coupled TAHs were developed in the past, but are no longer in use: the Electrohydraulic
TAH (EH-TAH, Artificial Organs Department, Osaka, Japan)?! and the AbioCor TAH
(Abiomed, Danvers, MA, USA) 22, Both systems are hydraulically actuated.

Because alternatingly actuated and volumetrically coupled TAHs do not facilitate passive
filling, active control schemes are required to allow for preload sensitivity. In both TAHs,
beat rate is adjustable based on changes in ventricular filling pressure. With an increase in
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Cardiac output (I/min) Figure 2. Preload sensitivity for pulsatile
A 101 TAHs. Plots represent the relation between
left atrial pressure (preload) and cardiac
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filling pressures, beat rate is increased and/or the relative diastole time is reduced. We
calculated preload sensitivity values for both devices (Figure 2B, Table 1). It should be noted
that these devices can adapt to preload changes for both ventricles simultaneously but are
not able to balance their ventricular outputs individually. The EH-TAH and the AbioCor have
sensors in the hydraulic compartment, to continuously monitor atrial pressures???3,
Additionally, the AbioCor TAH uses Hall sensors to monitor the filling state of the
ventricles??. Because the left and right ventricular outputs cannot be changed
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independently, additional flow balancing mechanisms have been introduced. In the AbioCor
TAH, a hydraulic shunt is placed between the right hydraulic chamber and a flow
compensation chamber located between the left atrium and the mitral valve. High left atrial
pressures (LAP) will cause a hydraulic shunt flow towards the right chamber, reducing the
right pump capacity that eventually lowers the LAP 2* (Figure 3). In the EH-TAH an inter-atrial

shunt (IAS) is used for maintaining balance between the LAP and right atrial pressure (RAP)
23

Low left atrial pressure High left atrial pressure

Figure 3. Schematic presentation of a hydraulic shunt, as used by AbioCor. High left atrial pressure
will cause a hydraulic shunt flow towards the right hydraulic chamber. This limits the right pump
capacity that eventually lowers the left atrial pressure.

Single actuation mechanism, volumetrically decoupled ventricles

These type of pulsatile TAHs have a single actuation mechanism but have volumetrically
decoupled ventricles by an additional mechanism that compensates for the volume change.
Often, a compliance chamber is used as a volume compensator. The compliance chamber
is a separate implanted device that is connected to the TAH's actuation compartment. It is
filled with gas, and capable of reducing its volume to compensate for volume differences
(Figure 1C). We identified the following TAHs in this category: Baylor TAH (Baylor College of
Medicine, Houston, TX, USA) 2°, PennState TAH (Pennsylvania State University, Hershey,
Pennsylvania, USA) 2%, Magscrew TAH (Cleveland Clinic, Cleveland, OH, USA)?’, Nimbus TAH
(Cleveland Clinic) %8, and Reinheart TAH (Helmholtz Institute, Aachen, Germany)®. These
TAHs are actuated by an alternating pusher plate placed in between both ventricles. In
general, these TAHs achieve preload sensitivity through a left master alternate control
scheme. In a left master control method, pumping parameters are adjusted based on left
ventricular filling parameters. Alternatively, one pneumatically actuated TAH in this
category has been identified: the Softheart (ETH Zurich, Zurich, Switzerland). In the
Softheart, both ventricles are actuated by the same actuator, namely in the form of an
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inflatable ventricular septum. The ventricles are decoupled due to the flexible nature of the
material used. None of the TAHs in this category are currently in development.

The Baylor TAH, Magscrew, Nimbus TAH and PennState TAH are controlled by a left master
alternate control method. This control method adjusts the pump speed, and thus beat rate,
in response to an increased filling of the left ventricle. If a low end-diastolic volume is
detected in the left ventricle, the beat rate is decreased, providing the ventricle more time
to fill%. For the Baylor TAH, complete filling of the left ventricle serves as the main control
parameter. After complete ejection of the right ventricle, the motor is turned off, adding a
short pause in the cardiac cycle. Only after complete filling of the left ventricle is detected,
the motor is turned back on and left ventricular ejection is initiated®. The right pump runs
at 85-90% of its maximum stroke volume, allowing some passive buffer capacity for higher
RAPs3%3!, The Magscrew uses a similar left master alternate control method. Additionally,
the Magscrew has a 20% lower stroke volume on the right side compared to the left?’. This
lower right-sided stroke volume is established by inhibiting the filling of the right ventricle,
and by reducing the voltage supply to the right pump, that in turn reduces the right pump
speed?’. The Nimbus TAH uses a left master control method to limit the filling of the left
ventricle to 90% of its maximum capacity, serving as a buffer to handle sudden increases in
LAP2, The PennState TAH's control system allows for amplification or suppression of the
Frank Starling-like response. More specifically, when the RAP rises, the right filling time of
the ventricle is decreased, resulting in a higher pump speed. This leads to higher cardiac
outputs on both sides. Importantly, the PennState can adjust the left ventricular filling time
independently. For example, when the right ventricular filling time is reduced due to an
increase in RAP, the left ventricular filling time can be prolonged if desired, resulting in a
moderate Frank Starling response. Alternatively, a simultaneous reduction of both the left
and right ventricular filling times results in a strong Frank Starling response mimicking the
human heart 32. Furthermore, the PennState TAH deliberately uses a slightly regurgitant
pulmonary valve, a smaller pusher plate for the right pump, and a longer left ventricular
filling time compared to the right 2633, In the Baylor TAH, Magscrew, Nimbus TAHs and
PennState, the filling status of the left ventricle are measured using Hall sensors?®3134:35,

The Reinheart TAH adaptation to increased preload is solely achieved through passive filling
of the ventricles?®3®, In addition, the right ventricle is 10% smaller compared to the left and
a larger mitral valve (23 mm) is used compared to the tricuspid valve (19 mm)2%3,

In the Softheart some preload sensitivity is achieved due to the soft, elastic nature of the
materials used. Its right ventricle is designed to be smaller than the left ventricle3”:3,

We found that the mean preload sensitivity for mechanically actuated TAHs in this category
was highest for TAHs that are regulated by a left master alternate control system, mean
0.397 (Baylor TAH?, PennState?®, Magscrew?” and Nimbus TAH?®) (Figure 2C and Table 1).
In contrast, the passive preload regulated Reinheart TAH?® and Softheart®” exhibit poorer
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preload sensitivity, mean 0.039 (Table 1). This implies that the mechanically actuated TAHs
in this category benefit from active preload regulation.

TAH Preload Preload Mean Preload Working Refs
Sensitivity | Sensitivity Sensitivity mechanism
mechanism | (I/min/mmHg) (I/min/mmHg) TAH

Carmat Automatic  0.214 0.405 Individually 9

BRNO control 0.595 controlled e

SynCardia Passive 0.344 0.466 actuation of 20

Vienna 0.262 both ventricles 14

Mushroom 0.791 £e

EHTAH Automatic | 0.269 0.313 Single actuation ' 2!

Abiocor control 0.356 mechanism, 22

volumetrically
coupled
ventricles

Baylor Automatic  0.487 0.397 single actuation 2°

PennState control 0.280 mechanism, 26

Magscrew 0.403 volumetrically 27

Nimbus 0.415 decoupled 2

Reinheart Passive 0.059 0.039 ventricles. 2

Softheart 0.020 &

Native human Passive 0.241 Frank-Starling | 1%

heart mechanism

Table 1. Preload sensitivity values for all TAHs. We calculated the preload sensitivity values
(I/min/mmHg) of all TAHs, by determining the slope of the linear regressing of the preload sensitivity
curve. We used data obtained between 0-15 mmHg preload pressure for calculating the linear
regression.

In vivo performances

To evaluate proper output balance between both ventricles during changing hemodynamic
conditions, in-vivo preclinical trials or even clinical trials deliver the most valuable
information. In these trials, even a small imbalance is likely to cause clinical complications,
such as respiratory failure and lung edema. Only with excellent ventricular balance, long
support times can be achieved. The SynCardia has been implanted in over 1700 patients
and reports duration of support up to 4.5 years, indicating sufficient adaptation to
hemodynamic conditions®. Similarly, the Carmat has been shown to successfully balance
its ventricular outputs. A currently ongoing clinical trial has reported a maximum duration
of support of 308 days*®. Although SynCardia and Carmat can effectively balance their
ventricular outputs, their balance mechanisms come with constraints. The SynCardia is
sensor-free but requires a large external driver next to the patient. The Carmat has
integrated complex sensors into the system, that increases the risk of device failure.
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The AbioCor TAH (no longer in development) has been implanted in 14 patients, with a
maximum survival of 512 days*, indicating that the cardiac outputs remained balanced. The
EH-TAH, Nimbus TAH and the PennState TAH have not been implanted in patients, but
reported long follow-up durations in animals >90 days, suggesting successful ventricular
balancing mechanisms334243, The other TAHs (Reinheart, Softheart, Baylor TAH, Vienna,
BRNO and Mushroom TAH), did not report on long term support during (pre)clinical studies.

Implications for current and next generations of TAHs

Reported strategies to enable a pulsatile TAH to dynamically adapt to changing
hemodynamic conditions include the incorporation of compliant materials and/or air
cushions inside the ventricles, passive shunts (hydraulic or intra-atrial) or active control
mechanisms to regulate ventricular filling state. Additionally, relative downsizing of the
right ventricle was frequently reported as an additional (static) tool to balance the
ventricular outputs.

Passive preload sensitivity mechanisms offer important advantages over automatically
controlled mechanisms. The absence of sensors and complex control mechanisms reduce
the risk of device failure. In pneumatically actuated TAHs, such passive mechanisms have
been used. By purposely under filling the ventricle, a cushion of air is created around the
ventricle, which enables a passive response. Alternatively, compliant materials can be used
to invoke larger end-diastolic volumes at increased filling pressures. However, the use of
compliant materials also comes with challenges. The compliant ventricles of the Softheart
TAH demonstrated greater afterload sensitivity than preload sensitivity, which is highly
undesirable. This means that with an increase in systemic blood pressure, the pumping
performance of the TAHs rapidly declines.

For mechanically and hydraulically actuated TAH devices, effective passive mechanisms to
obtain preload sensitivity have not been reported yet. The mechanically actuated Reinheart
TAH relied solely on passive filling of the ventricles, which was reported to be insufficient as
it resulted in lung complications during animal trials*®. Integrating passive preload
sensitivity mechanisms such as air cushions or compliant materials in mechanically of
hydraulically driven TAHs would be in interesting topic for future research.

Besides being sensitive to preload changes, TAHs should also be able to eject different
stroke volumes for each ventricle. For this, TAHs with an individual actuation system per
ventricle outperform TAHs with a single actuator. This is confirmed by the fact that the only
two clinically approved TAHs (SynCardia and Carmat) both have individually actuated
ventricles. In TAHs that use a single actuator, additional balancing mechanisms are often
needed. For TAHs with volumetrically decoupled ventricles, these balancing mechanisms
include smaller right ventricles compared to the left, as well as larger left ventricular inflow
valves. These measures have the disadvantage of being static and are therefore unable to
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account for large hemodynamic changes. Additionally, in TAHs with a single actuation
mechanism, a shunting mechanism can be used to achieve a balanced cardiac output. An
intra-atrial shunt increases the risk for thrombi and the mixing of oxygenated and non-
oxygenated blood*. A hydraulic shunt (used in the AbioCor) seems to be an interesting
solution to aid ventricular balance, because it works passively and has less limitations. Also,
the long-term clinical implantation of the AbioCor TAH in the past indicates proper
functioning of the hydraulic shunt. Further investigation of such a hydraulical shunt may be
of interest for future TAH prototypes with single actuation mechanism.

Conclusions

In this paper, different methods for controlling preload sensitivity and balance in pulsatile
TAHs have been presented. In the case of individually controlled actuation of both
ventricles, proper preload sensitivity seems to be sufficient for balancing the left and right
cardiac outputs. TAHs containing one actuator driving both ventricles require additional
left-right balancing mechanisms. While preload sensitive behaviour is relatively simple to
achieve for pneumatically driven TAHs due to the natural compliant behaviour of gas,
hydraulic and mechanically driven TAHs require more advanced control algorithms and
active monitoring of hemodynamic parameters. Therefore, with regard to responsiveness
to changing hemodynamic conditions, a pneumatic TAH that comprises two individually
actuated ventricles appears to be a more desirable option in terms of both simplicity and
efficacy.
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Table 2. Preload sensitivity methods for all included TAHs. RV=right ventricle, Trp=right diastolic time,
T.p=left diastolic time, LMA=left master alternate control scheme, LV=left ventricle.
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