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ABSTRACT
Background: Heart failure (HF) affects approximately 64 million patients worldwide, where the heart's impaired ability to 
pump blood leads to reduced quality of life and a high 5- year mortality rate. Total artificial hearts (TAHs) offer a promising 
solution, but to ensure a good quality of life and prolong life expectancy for end- stage HF patients, TAHs must adapt to the body's 
varying metabolic demands.
Methods: This study evaluates the physiological control performance of the Realheart TAH using a hybrid mock circulation 
loop that simulates dynamic physiological states, such as sleep, rest, and exercise. The Realheart TAH features a preload- based 
control mechanism that adjusts heart rate (HR) and stroke volume (SV) in response to changes in atrial pressure, closely mimick-
ing the native heart's ability to meet varying blood flow demands. The controller's adaptability and robustness were further tested 
under different levels of pulmonary vascular resistance (PVR), simulating conditions that challenge flow balance.
Results: The results demonstrate that the Realheart TAH maintains flow balance between the right and left ventricles and sta-
bilizes atrial pressures across all tested conditions. During simulated exercise, the controller increased cardiac output (CO) by up 
to 2.1 times from rest while maintaining stable atrial pressures, compared to a maximum increase of 1.2 times without the con-
troller. During sleep, CO decreased by 25%, whereas a decrease of only 5% was observed without the controller. Under increased 
PVR, the controller adjusted SV and HR to preserve consistent CO and prevent blood volume build- up in the atria, which could 
otherwise lead to dangerously high atrial pressures.
Conclusion: The physiological control system demonstrated its ability to adapt to rapid transitions between physiological states, 
although occasional undershoots in pressure were observed during transitions from exercise to rest conditions. This study high-
lights the Realheart TAH's ability to autonomously adjust to varying physiological conditions and patient needs, showing prom-
ise for treating patients with advanced HF. Future work will focus on optimizing the control system to further enhance the 
device's responsiveness and stability during rapid physiological transitions.
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1   |   Introduction

Heart failure (HF) affects about 64 million patients globally and 
is characterized by impaired cardiac output (CO) and filling pres-
sures, resulting in poor quality of life [1] and a 5- year mortality 
rate of 45%–60% [2, 3]. Heart transplantation remains the gold 
standard for advanced HF but is hindered by limited donor avail-
ability and stringent eligibility criteria. Elevated pulmonary hy-
pertension (PH), defined as a mean pulmonary arterial pressure 
(mPAP) > 20 mmHg at rest [4], is a common contraindication, as it 
exposes the donor heart's right ventricle to high afterload, risking 
acute right HF. Up to 60% of advanced HF patients develop PH, 
leaving them with few therapeutic options [5, 6].

Total artificial hearts (TAHs) have emerged as potential solutions 
for end- stage HF, offering either temporary or permanent mechan-
ical circulatory support. While active physiological adaptation 
remains a long- standing goal in TAH development, which is es-
sential for meeting varying perfusion demands, it is not yet a stan-
dard feature in current systems. In the related field of ventricular 
assist devices (VADs), research indicates that preload- dependent 
physiological control is necessary to dynamically support the heart 
in response to the body's changing metabolic needs during differ-
ent activities [7–9]. Yet, traditional VADs still operate with fixed 
parameters, limiting their adaptability to varying patient needs 
[10, 11]. In contrast, newer pre- clinical TAHs are being designed 
to enable preload- responsive control, aiming to mimic the Frank- 
Starling mechanism to improve flow regulation [12–14].

The SynCardia TAH, one of the few FDA- approved devices, uses 
pneumatically driven ventricles and relies on passive preload- 
dependent filling to regulate flow [15]. However, its lack of 
active control can lead to imbalances in right and left output, 
particularly in patients with PH, where issues such as signifi-
cant pulmonary edema have been reported [16].

Next- generation TAHs aim to address these limitations. 
BiVACOR's compact continuous- flow TAH employs magnet-
ically levitated impellers, passive flow balancing, and speed 
modulation without blood- contact sensors. Although pulsatile 
flow is achieved through cyclic speed changes, it does not rep-
licate true native pulsatility [17]. Similarly, Carmat SA's Aeson 
TAH uses an electrohydraulic system with bioprosthetic valves 
and pulsatile flow, actively adjusting stroke volume (SV) and 
heart rate (HR) to prevent inflow pressure imbalance. However, 
its large size limits use to select patients [13].

Despite these advances, key challenges remain, including device 
miniaturization, ease of implantation, and enhanced adaptabil-
ity for broader patient use. While SynCardia paved the way for 
clinical application, ongoing efforts aim to address unmet clin-
ical needs.

The Realheart TAH (Scandinavian Real Heart AB, Sweden) 
offers a physiologically pulsatile solution driven by two electric 
motors, featuring atrial pressure sensors and active control to 
dynamically adjust HR and SV based on preload [18]. This mim-
ics the Frank- Starling law, where increased venous return leads 
to increased SV and CO [19].

In this study, we evaluated Realheart's physiological control-
ler performance using a hybrid mock circulation loop (HMCL) 
under simulated dynamic conditions (i.e., sleep, rest, exer-
cise). This benchtop method replicates physiological scenarios 
through in  vitro and in silico modeling. Our findings demon-
strate Realheart's performance in maintaining balanced right/
left ventricular flow under varying afterload and preload, high-
lighting the advantages and limitations of active preload- based 
control in TAHs.

2   |   Methods

2.1   |   The Realheart Total Artificial Heart

The Realheart TAH is a four- chamber device designed to mimic 
the human heart, consisting of two pumps, each containing an 
atrium and a ventricle. Each pump is driven by an electric motor, 
with the atria and ventricles separated by an atrio- ventricular 
(AV) plane, which houses the mitral and tricuspid valves. 
Valves at the outflows simulate the aortic and pulmonary valves 
(Figure  1a). During systole, the mitral valve closes as the pis-
ton moves downward, ejecting blood through the aortic valve. 
During diastole, the piston retracts, the mitral valve opens, and 
the aortic valve closes, allowing ventricular filling.

The flow on each side can be independently adjusted by modi-
fying the stroke length (SL) and operating frequency, which is 
synchronized between the two units. The AV plane, actuated by 
a brushless DC motor through a rack- and- pinion system, regu-
lates ventricular pressure and blood flow. SL, determining the 
blood volume per cycle, is mechanically controlled. In this study, 
Version 11.4 of Realheart is used for the experiments.

2.2   |   The Physiological Controller

The Realheart's active physiological feedback controller uses 
a preload- dependent mechanism based on the Frank- Starling 
law. Left and right atrial pressures (LAP and RAP, respectively) 
are used as feedback parameters, as they reflect cardiac pre-
load, and are crucial for maintaining flow balance between the 
pumps [20–22].

The system adjusts SV and HR to maintain atrial pressures at 
predefined set points, adjustable by medical professionals. In 
this study, these are set to 9 and 4 mmHg for the left and right 
atrium, respectively. Two proportional- integral (PI) controllers 
manage the pressure difference and output the desired CO to 
keep pressures stable (Figure 1b). The controllers synchronize 
HR and independently modulate SVs for each pump unit.

The pump modulates pumping settings to achieve the target 
CO, initially adjusting HR bpm and then modulating SLs as HR 
elevates. The algorithm prioritizes keeping HR under 140 bpm 
by maximizing SL. In cases where both SL and HR reach their 
operational limits without satisfying the CO demand, the pump 
can switch to an extreme mode, allowing HR to increase up to 
155 bpm, which is the safety HR threshold.
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2.3   |   Hybrid Mock Circulation Loop

The HMCL system used in this study is adapted from previous 
models developed at ETH Zurich [23–25]. While no additional 
validation was performed using a conventional mock loop for 
this specific study, consistency was confirmed by comparing our 
results to those of prior Realheart studies conducted under com-
parable static and dynamic conditions [26].

The HMCL system consists of four fluid reservoirs (R1, R2, 
R3, R4) where fluid pressure is controlled by modulating 
the pressure in the air cavities of hermetically sealed reser-
voirs. Air valves (PVQ33- 5G- 23- 01F and PVQ33- 5G- 40- 01F; 
SMC Pneumatics, Tokyo, Japan) manage the pressurized air 

exchange, while pressure sensors (PN2099; IFM Electronic 
Geräte GmbH & Co. KG, Essen, Germany) monitor fluid pres-
sure. Backflow pumps (RP1 and RP2; Jabsco Pump 23 680–4103, 
Xylem Inc., Washington, USA) generate unidirectional flow, 
regulated by a feedforward controller based on real- time fluid 
flow measurements (sample frequency = 2000 Hz) using flow 
sensors (Sonoflow CO.55/190; Sonotec GmbH, Halle, Germany) 
and a PID controller adjusting pump speed based on fluid levels 
detected by infrared distance sensors (GP2Y0A51SK0F; Sharp 
K.K., Sakai, Japan). The fluid mixture consists of a water and 
glycerol solution (5:3 ratio), which simulates the viscosity of 
blood containing 40% hematocrit [27].

In this study, the Realheart is integrated into the HMCL for 
dynamic in- vitro experiments (Figure 2). The right unit is con-
nected between R1 and R2 (right atrial and pulmonary artery 
pressures), and the left unit between R3 and R4 (left atrial and 
aortic pressures). Pressure waveforms applied to each reservoir 
are derived from a real- time numerical simulation of a virtual pa-
tient's cardiovascular system, which responds physiologically to 
the flow generated by the Realheart. The cardiovascular model 
and control algorithms were implemented in MATLAB Simulink 
and run as a real- time system via MicroLabBox (MicroLabBox, 
dSPACE GmbH, Paderborn, Germany) at 2000 Hz.

2.4   |   Cardiovascular Model

A lumped- parameter model of the cardiovascular system was 
integrated into the HMCL for real- time interaction with the 
TAH. The cardiovascular model used in this study (Figure 3) is 
adapted from Broomé et al. [28]. The model utilizes 25 vascular 
compartments that represent various segments of the systemic 
and pulmonary circulations. Each vascular segment is modeled 
via a 4- element Windkessel model, employing physical dimen-
sions and mechanical properties to derive the electrical analogy 
impedance. Simulations incorporating a healthy heart model 
were also conducted to compare the cardiac response of a na-
tive heart with that of the TAH during simulated sleep, rest, and 
exercise. The numerical model of the heart consists of 4 sepa-
rate chambers, with their active and passive characteristics de-
scribed by a “double Hill equation” approximating the cardiac 
time varying elastance [29]. Cardiac valves opening and closing 
dynamics were implemented according to Mynard et  al. [30]. 
Additionally, pericardial and atrial as well as ventricular septal 
left–right heart interactions were considered in the model.

2.5   |   Bench- Top Experiments

2.5.1   |   Static Test

Static experiments using the HMCL evaluated the TAH's he-
modynamic performance under fixed afterload and preload, 
comparing results with a previous pump model [26]. A stepwise 
pressure ramp was applied to each TAH unit while measuring 
output flow. For the left unit, the inlet pressure was fixed at 
10 mmHg, and outlet pressure increased from 30 to 130 mmHg 
in 20 mmHg steps. Then, with outlet pressure at 100 mmHg, 
inlet pressure varied from 0 to 25 mmHg in 5 mmHg incre-
ments. The right unit was tested similarly: inlet pressure fixed 

FIGURE 1    |    (a) Pumping principle of the Realheart total artificial 
heart (TAH). The device uses a piston- driven system to replicate the 
cardiac cycle. During systole, the mitral valve closes as the piston moves 
downward, ejecting blood through the aortic valve. During diastole, the 
piston retracts, the mitral valve opens, and the aortic valve closes, allow-
ing ventricular filling. (b) An external motor controller drives the mo-
tor, ejecting the blood through the outflow port, while a physiological 
controller regulates motor operation based on atrial pressure, enabling 
real- time adjustment of heart rate and stroke volume to mimic natural 
cardiac function and meet varying physiological demands. [Color figure 
can be viewed at wiley onlin elibr ary. com] [Color figure can be viewed at 
wileyonlinelibrary.com]

 15251594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aor.15036 by Statens B

eredning, W
iley O

nline L
ibrary on [06/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/


4 of 10 Artificial Organs, 2025

at 10 mmHg, outlet pressure increased from 15 to 45 mmHg 
in 5 mmHg steps, then outlet pressure held at 35 mmHg while 
varying inlet pressure from 0 to 20 mmHg. Each step lasted 
10 s to reach steady state. Tests were performed at HRs of 60, 
90, and 120 bpm with SLs of 19, 23, and 28 mm for the left unit 
(35, 45, and 55 mL) and 13, 18, and 22 mm for the right unit 
(20, 30, and 40 mL).

2.5.2   |   Varying Pulmonary Hypertension Levels

This test evaluated the pump's performance (with physiological 
control on and off) under varying pulmonary vascular resis-
tance (PVR). PVR values of 0.1, 0.2, 0.35, and 0.5 mmHg·s/mL 
were set by adjusting pulmonary resistance arterioli diameters, 
yielding mPAP levels of 15, 25, 40, and 50 mmHg, corresponding 
to healthy, mild, moderate, and severe PH conditions [31–33]. 
The Realheart pump, when operated with physiological control 
on and connected to the cardiovascular model via the HMCL, 
was tested under each PH condition. Each test was run for 100 s 
in triplicate. When operated without the physiological control, 
pumping parameters (HR, left SL, and right SL) were randomly 
varied within ± 10% of the optimal values determined by the 
physiological controller at PVR = 0.1 mmHg·s/mL, to simulate 
operator error. These values were then held constant through-
out the experiment.

2.5.3   |   Induced Exercise State

Exercise was simulated by reducing SVR and PVR by 50% 
from baseline (SVR = 1 mmHg·s/mL; PVR = 0.1, 0.2, 0.35, 
0.5 mmHg·s/mL) and lowering unstressed venous volume 

(UVV) by 500 mL, while keeping total blood volume constant, 
to increase cardiac filling. Each experiment lasted 250 s: 50 s 
at rest, 100 s during exercise, and 100 s at rest. Transitions be-
tween states were performed over 10 s to mimic an aggressive 
shift, as described by Petrou et al. [8], simulating worst- case 
conditions. The pump was tested with and without physiolog-
ical control across PH levels, with each group tested in trip-
licate. Without control, pump parameters (HR, left SL, right 
SL) were randomly varied within ± 10% of optimal values to 
simulate operator error, and held constant throughout the 
experiment

2.5.4   |   Induced Sleep State

The sleep condition was modeled by increasing the SVR by 40% 
and keeping the PVR at its baseline. The UVV was increased 
by 300 mL to simulate the decreased metabolic demand during 
sleep [8]. Similarly to the exercise condition experiment, the ex-
perimental protocol consisted of running the pump for 50 s at 
rest, 100 s at sleep, and another 100 s at rest, with and without 
physiological control.

3   |   Results

3.1   |   Static Test

The results of the static tests are shown in Figures 4 and 5. The 
left pump's CO increases with SL and HR, ranging from 1.9 L/
min to 9.6 L/min (Figure  4). At 60 bpm and a SL of 19 mm, 
CO reaches 2.8 L/min, decreasing to 1.9 L/min as afterload in-
creases from 30 to 130 mmHg, with a fixed preload of 10 mmHg. 

FIGURE 2    |    Schematic of the hybrid mock circulation loop (HMCL) for evaluating the Scandinavian Realheart (SRH) TAH performance. The 
system simulates physiological conditions using integrated fluid, vacuum (VC1, VP1, VC2, VP2), and pressurized air networks. Four pressure- 
controlled fluid reservoirs (R1–R4) are used to model pulmonary and systemic circulation, with sensors measuring pressures (RAP, PAP, LAP, 
AoAP) and flow rates (Q1, Q2) generated by TAH. A control unit, linked via CAN BUS, dynamically adjusts pumping parameters in real time, en-
abling performance evaluation of the Realheart physiological controller under various physiological scenarios.
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Increasing preload from 0 mmHg to 25 mmHg slightly raises CO 
to 2.1 L/min at 100 mmHg afterload. The highest recorded CO is 
9.6 L/min at 120 bpm and 28 mm SL.

The right pump exhibits a similar pattern, with CO ranging 
from 1.7 L/min to 10.6 L/min (Figure 5). At 60 bpm, CO is 3.6 L/
min with 15 mmHg afterload and 10 mmHg preload, increasing 
to 6.3 L/min at a SL of 22 mm. At 120 bpm, CO reaches 6 L/min 
at the shortest SL and 10.6 L/min at the longest SL.

3.2   |   Effect of Varying Pulmonary Hypertension 
on TAH Performance

Figure  6 shows results of the Realheart TAH tested with the 
physiological controller under different PVR levels, simulating 
various stages of PH.

As PVR increases, the physiological controller adjusts HR and 
SL: HR rises from 124.3 ± 1.1 bpm to 140.0 ± 0.0 bpm, while 
right and left SLs increase from 13.0 ± 0.1 mm to 16.6 ± 0.1 mm 
and from 16.6 ± 0.1 mm to 17.6 ± 0.3 mm, respectively. With 
control on, atrial pressures remain stable at 4 mmHg (right) 
and 9 mmHg (left). Without control, RAP rises with PVR from 
3.6 ± 0.2 mmHg to 6.9 ± 0.8 mmHg, while LAP shows wide 
variability.

mPAP and MAP increase with PVR, reflecting hypertension 
behavior. CO rises with control on, from 4.1 ± 0.1 L/min to 
4.9 ± 0.2 L/min (right) and from 4.2 ± 0.1 L/min to 5.1 ± 0.1 L/
min (left), but decreases without control (Figure 6).

3.3   |   TAH Response to Simulated Exercise 
Condition

During exercise, the physiological controller increases CO by 
1.8–2.1 × the resting level across all PH levels, dynamically 
adjusting HR and SL (Figure 7). HR rises from 121.3 ± 0.6 bpm 

FIGURE 3    |    This diagram shows the lumped- parameter model of the 
cardiovascular system used for hybrid testing of the TAH. The model 
includes components representing the systemic and pulmonary circu-
lations, such as the aorta, carotid arteries, capillaries, vena cava, pul-
monary arteries, and veins. It generates boundary conditions for TAH 
testing by providing right atrial pressure, pulmonary arterial pressure, 
left atrial pressure, and aortic pressure. These pressure waveforms are 
used to subject the TAH to different physiological scenarios.

FIGURE 4    |    Cardiac output of the left unit of the Realheart pump at 
different stroke lengts (19, 23 and 28 mm), heart rates (60, 90, 120 bpm) 
and different combinations of preload and afterload conditions.
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FIGURE 5    |    Cardiac output of the right unit of the Realheart pump at 
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at rest to 140.0 ± 0.0 bpm in normal conditions, reaching 
155.0 ± 0.0 bpm in severe PH. The controller stabilizes atrial 
pressures, mitigating fluctuations during exercise transitions. 
Without control, RAPs rise significantly, and MAP drops from 
resting levels.

3.4   |   TAH Response to Simulated Sleep Condition

Figure 8 shows Realheart TAH performance during simulated 
sleep. With control on, CO decreases by 25% from rest, compared 
to 5% without control. HR drops by 12 bpm from rest across all 
PH levels. Atrial pressures remain within 2.5 mmHg of baseline 
with control, while uncontrolled settings show slight decreases. 
mPAP stabilizes with control in moderate/severe PH but re-
mains unchanged without control. MAP increases by 20 mmHg 
during sleep across PH levels.

3.5   |   Physiological Control Parameters

Figure 9 summarizes the physiological controller's performance 
across sleep, rest, exercise, and PH conditions. HR and SL in-
crease from sleep to exercise, with SL exhibiting the largest 
relative change (80% right, 67% left). The left CO peaks during 
exercise and decreases during sleep. Without control, the left CO 
decreases with increasing PH severity, while RAPs rise signifi-
cantly, and LAPs remain high (> 15 mmHg).

4   |   Discussion

In this study, we conducted an in vitro evaluation of the adaptabil-
ity of the Realheart physiological controller to physiologically re-
spond to sleep and exercise in virtual patients with varying levels 
of PH. The tests were carried out using a HMCL.

4.1   |   Left/Right Flow Balance

Maintaining a balance between left and right flow is crucial for 
TAHs. While passive self- regulating mechanisms [34] can man-
age flow in cardiac assist devices, an automatic physiological 
controller is needed when circulatory disruptions exceed self- 
adaptation capabilities, such as with high PVR [35].

Realheart's physiological controller regulates the left and 
right pumping units independently by adjusting HR and SL 
to maintain atrial pressures at predefined set points (set to 
4 mmHg on the right and to 9 mmHg on the left in these ex-
periments). Although flow balance is not an inherent property 
of the controller, it arises as a result of continuous pressure- 
based feedback. Flow imbalances, for instance arising from 
blood flow from the bronchial arteries emptying in the pul-
monary venous system (broncho- arterial shunt), may lead to 
changes in atrial pressure, which in turn trigger compensa-
tory adjustments in HR and SL to stabilize the atrial pressures 
at their setpoints.

Figure 6 illustrates this, comparing right and left CO with and 
without physiological control. Without control, CO is more vari-
able, whereas with control, atrial pressures are stabilized and 
flow balance is achieved.

4.2   |   Adaptation to PH

Under fixed pumping conditions, without physiological control, an 
increase in PVR leads to an elevated afterload on the right heart 
pump. This results in a reduced CO, which gradually decreases to 
below 4 L/min at high levels of PVR. In contrast, with physiologi-
cal control, the CO at rest is maintained above 4 L/min and grad-
ually increases as PVR rises. This behavior is due to the control 
strategy implemented by the physiological control system.

FIGURE 6    |    (a) Heart rate and stroke length settings of the Realheart TAH operated with (control) and without (no control) at various PVR levels, 
corresponding to different stages of PH. The physiological controller helps keep (b) atrial pressures at their set points and improves (c) flow balance, 
in contrast to the uncontrolled case. (d) Arterial pressures are elevated under physiological control due to increased flows required to maintain pres-
sures below set points at higher afterloads.
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High PVR reduces right ventricular outflow, causing fluid to 
accumulate in the right atrium. This leads to an increase in 
RAP while lowering LAP. In response, the physiological con-
troller detects the elevated RAP and reacts by increasing the 
HR and the SL of the right ventricle. This raises CO and helps 
restore the atrial pressures to their set points. However, as PH 
worsens, the CO required to maintain these atrial pressures 
at rest also increases proportionally. Since PH was modeled 
via vasoconstriction in the pulmonary resistance arterioli, a 
blood volume shift to the systemic circulation might occur. 
This excess volume can elevate atrial pressures, activating the 
physiological controller to increase CO. As PH increases, more 
blood is redirected to the actively circulating blood volume, 
further raising atrial pressures and thus CO. This might ex-
plain why CO increases with rising PVR when physiological 
control is active.

4.3   |   Heart Rate Adaptation

The physiological controller can adjust the HR across a broad 
spectrum (40–155 bpm) to respond to varying physiological con-
ditions. As illustrated in Figure 7, HR peaks at 140 bpm during 
exercise in normal to mild PH cases, whereas, in moderate to 
severe PH, HR rises from 140 bpm at rest to 155 bpm during exer-
cise. This is due to the physiological controller's operation limits, 
defined as HR ≤ 140 bpm for normal operation and 140 bpm < 
HR ≤ 155 bpm for extreme conditions.

In fact, at higher PH levels and at rest conditions, the pump is 
close to the operational limit since it needs to cope with the high 
PVR. This situation is further aggravated by exercise, which 
causes a sudden increase in atrial pressures, mitigated by in-
creasing the HR within the extreme mode range. On the other 
hand, during sleep, HR modulation happens well within safe 

FIGURE 7    |    Hemodynamic variables during simulated exercise, 
with (blue line) and without (red line) physiological control at various 
PH levels. Numerical results from the healthy heart computational 
model (yellow line) are included as reference. Solid lines denote mean 
values across repeats (n = 3), with shaded areas showing standard de-
viation. [Color figure can be viewed at wiley onlin elibr ary. com] [Color 
figure can be viewed at wileyonlinelibrary.com]

FIGURE 8    |    Hemodynamic variables during simulated sleep, com-
paring with (blue line) and without (red line) physiological control at 
various PH levels. Reference numerical results from a healthy heart 
model (yellow line) are included. Solid lines denote mean values from 
experiments (n = 3); shaded regions show standard deviation. [Color 
figure can be viewed at wiley onlin elibr ary. com] [Color figure can be 
viewed at wileyonlinelibrary.com]
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limits because of the decreased metabolic demand, resulting in 
a slight reduction of CO at all PH levels.

4.4   |   Pressure Control

Active control of the pumping parameter allows for rapid and 
stable adjustments of atrial pressures. Upon the onset of exer-
cise, the atria experience a sudden pressure increase, which is 
attenuated and stabilized around the set points in approximately 
20 s (Figure 7). This is crucial for flow regulation, as it shows 
that the pump can quickly adapt to changes in atrial pressure, 
which can be associated with changes in venous return, reflect-
ing the varying metabolic demand of the body.

Although the pulmonary and aortic pressure response ap-
peared to be modest  during exercise, it remained relatively 
stable around the resting level. A similar response was ob-
served in a study that evaluated TAH performance during 
exercise, and it is reported to be safe when exercise is carried 
out in a supervised setting [36]. However, not employing phys-
iological control would result in a decreasing aortic pressure, 
which  dropped by about 20 mmHg during exercise, demon-
strating the importance of employing an active physiological 
control.

Pressure fluctuations appear to be less significant during sleep. 
However, physiological control is needed to regulate LAP, which 
can build up due to flow imbalance (Figure 8). Overall, physio-
logical control manages atrial pressures across different physio-
logical states, regardless of the PH level.

4.5   |   Limitations

The physiological control system exhibited significant atrial 
pressure changes during rapid transition between physiological 
states. These fluctuations were minimal during sleep but more 
pronounced with exercise.

Positive atrial pressure fluctuations are usually manageable 
and can normalize within seconds. Negative fluctuations, 
however, should be avoided since they can cause suction 
events, leading to vessel collapse and fluid blockage, often 
when exercise stops abruptly, as shown in Figure  7 under 
severe PH. More research is required to assess the pressure 
threshold for a suction event, as it differs with various TAH 
settings. For instance, one study found suction events could 
occur at pressures below −3 mmHg, lower than any pressure 
recorded in our study [37].

To address this, future controller refinements may include adap-
tive PI tuning and acceleration- based sensing to detect postural 
changes and activity states. Additionally, a dual- control strategy, 
which combines preload-  and afterload- dependent mechanisms, 
is under consideration to enhance overall stability and safety 
across different clinical scenarios.

Pronounced undershoots, particularly during transitions be-
tween exercise and rest, could be due to the slower reactions of 
the physiological controller compared to simulated cardiovascu-
lar changes. In fact, the model used in this study might inaccu-
rately capture circulatory responses across scenarios because of 
difficulties in estimating some cardiovascular parameters (e.g., 

FIGURE 9    |    Key pumping parameters, including heart rate (HR), right and left stroke lengths (RSL, LSL), left cardiac output (CO), and atrial 
pressures, were assessed across various physiological conditions and PH levels. Bar heights indicate the experimental mean, and error bars represent 
standard deviation. The positive y- axis (white background) indicates data with active physiological control, whereas the negative y- axis (gray back-
ground) shows data with the control disabled. With control, HR rises from sleep to exercise, significantly increasing left CO, while atrial pressures 
stay stable. Without control, left CO slightly increases from rest to exercise, but atrial pressures rise significantly, showing high variability.
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UVV changes). Future work should aim at adjusting PI parame-
ters to enable a more robust and quicker pump response to phys-
iological changes.

Moreover, flow redistribution due to broncho- arterial shunt-
ing is not currently represented in the cardiovascular model. 
In healthy individuals, the magnitude of this shunt is typi-
cally small (ranging from 0% to 2.8% of left cardiac output) 
and is often negligible. However, in patients with pulmonary 
conditions such as bronchiectasis or tuberculosis, shunt flows 
can reach up to 20% [38]. In recipients of a TAH, reported 
shunt flows range from 0 to 1.4 L/min [39], suggesting that 
compensatory mechanisms may be required to manage such 
variability.

Furthermore, PH in our model is simulated solely through vaso-
constriction of the pulmonary resistance arterioli and does not 
account for other physiological mechanisms such as vascular 
remodeling or altered compliance, which may significantly in-
fluence the hemodynamic response.

Future implementations of the cardiovascular model may in-
corporate patient- specific features, such as dynamic broncho- 
arterial shunt behavior and anonymized clinical hemodynamic 
datasets from patients with advanced heart failure or pulmo-
nary hypertension, to enable more personalized and robust eval-
uation of controller performance.

5   |   Conclusion

The response of the Realheart physiological controller during 
sleep, rest, and exercise conditions was evaluated in vitro using 
simulated patients with varying degrees of PH. The physiolog-
ical controller demonstrated superior adaptation capabilities in 
these scenarios compared to when the pump was operated with 
fixed parameters. CO increased significantly during exercise 
and decreased slightly during sleep, compared to the limited 
adjustments in CO observed when the physiological controller 
was not used. Atrial pressures remained consistently stabilized 
around their predefined set points. While arterial pressures ex-
hibited a modest response during exercise, they remained stable 
around resting levels and did not drop drastically, as occurred 
without the physiological controller. Future work will focus on 
optimizing the physiological controller to respond more effec-
tively to rapid physiological changes while avoiding suction 
events. Additionally, improvements to the numerical model 
will be made to account for patients with different BSA and 
to compare the pump's performance with other current TAH 
technologies.
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