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A fully automated normothermic machine
perfusion system for kidney grafts supporting
physiological motivated flow profiles

Abstract: Research showed that the normothermic machine
perfusion of kidneys can enable prolonged storage and im-
prove conditions compared to traditional cold storage. For re-
search in this area, there is a demand for a long-term in vitro
perfusion setup. In this work, we present a fully automated
normothermic machine perfusion (NMP) system as an experi-
mental research platform. The perfusion system is intended as
a tool for researching the effects of different perfusion strate-
gies on the kidney. To enable the automation, the NMP system
consists of a blood pressure control, a circulation volume level
control and a pH-regulation component. The setup is realized
as a medical cyber-physical system consisting of networked
embedded microcontroller nodes.
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1 Introduction

The preservation of human kidneys for transplantation is a rel-
evant current research topic [14]. In the year 2021, there were
6593 patients in Germany on the active waiting list for a kid-
ney transplantation [5]. While the clinical standard is the cold
storage on ice, research shows that the normothermic machine
perfusion (NMP) can improve the condition of the kidney and
enable prolonged storage [8]. However, the optimal perfusion
strategy and perfusate composition still needs to be researched.
Relevant characteristics of the perfusion strategy are the de-
cision on a constant or pulsatile perfusion strategy, the used
pressure or flow profiles and the requirements for the gradi-
ent on pressure or flow. Thus, we need a system for the sta-
ble perfusion of organ grafts, specialized for the kidney, to
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enable research regarding the optimal perfusion strategy and
perfusate composition. As we are interested in long-term per-
fusion, the system should be automated to relieve the medi-
cal personnel and reduce the potential for human errors during
the manual control of medical devices. Furthermore, complex
perfusion strategies require automation in the form of complex
controllers as they are not realizable otherwise.
In this work, we present a fully automated long-term in vitro
perfusion setup (mockloop) as a research platform. The mock-
loop is applicable as an alternative to animal experiments for
the testing of medical devices and the preservation of kid-
ney grafts. Using the system, the effects of different perfusion
strategies on the kidney can be researched. For our research
we used blood and organs from animals in approved in-house
experiments to reduce the number of animal trials. To enable
research, the system needs to be highly modular and config-
urable to support different perfusion strategies. Thus, it should
be possible to change the components and perfusion parame-
ters during runtime.

2 Related work

There already exist various NMP systems for different organs
besides the kidney. Vogel et al. presented an automated per-
fusion device for the normothermic perfusion of discarded
liver grafts [16]. The system includes an automated control
for the regulation of temperature, blood flow, blood pressure,
and oxygenation. In addition, multiple perfusion systems were
already accepted for clinical use [11]. The OrganOx metra sys-
tem is a mobile device for the normothermic machine preser-
vation of livers [13]. TransMedics offers different portable or-
gan care systems for the lung, heart, and liver [15]. However,
to our best knowledge no detailed information is available on
these devices. Finally, the XVIVO Liver Assist device can be
used for the ex vivo perfusion of livers [19]. This system in-
cludes two pump units with pressure and temperature control.
Multiple normothermic kidney perfusion systems can be found
in the literature. Weissenbacher et al. developed an automated
perfusion device for kidneys [17]. The device includes pres-
sure control and a closed-loop controller for the oxygenation.
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The commercial ex vivo kidney perfusion system XVIVO Kid-
ney Assist can be used for hypothermic as well as normother-
mic perfusion [18]. It includes a pressure control for pulsatile
perfusion. There is various literature on research regarding the
strategy for the normothermic machine perfusion of kidneys
[14]. In recent years, research has been done in the fields of
the perfusion strategy, modification of the perfusate and as-
sessment of graft quality during perfusion.
Most of the systems listed above are compact portable de-
vices, that cannot be easily extended depending on the use. In
contrast, our proposed perfusion system supports the dynamic
configuration of components during runtime to enable more
complex experiments and react to the condition of the perfused
kidney. In addition, none of the listed systems includes an au-
tomated pH-regulation.

3 Concept

The mockloop consists of networked embedded microcon-
troller nodes, each connected to a medical device. For this, we
make use of our developed hardware platform called ASMO-
Boards, which is described in greater detail in [1]. Each
ASMO-Board includes various interface for the connection to
medical devices, as well as interfaces for the Controller Area
Network (CAN) and Ethernet for the communication between
nodes, resulting in a medical cyber-physical system. All algo-
rithms are running on these ASMO-Boards. Therefore, instead
of having one centralized complex system, we distribute the
system among multiple smaller nodes, which reduces the soft-
ware complexity on each node. Suited for this methodology,
we developed a modular and verifiable software architecture
for interconnected medical devices based on a real-time oper-
ating system. Our software architecture includes separate lay-
ers for the data retention and synchronization between nodes.
In particular, the software architecture also includes a dedi-
cated safety layer for different safety mechanisms, like control
value limitations [10]. For the communication over Ethernet
between nodes, we use the Data Distribution Service (DDS)
[12]. Based on this hardware platform and software architec-
ture, we present the mockloop concept for the extracorporeal
kidney perfusion. Figure 1 shows a sketch of the setup. The
basic NMP system consists of a reservoir, a diagonal pump
(Affinity CP, Medtronic Inc. ,Minneapolis, USA), an oxygena-
tor, a heat exchanger, a flow sensor (SonoTT, em-tec GmbH,
Finning, Germany) and the needed tubing, which are common
in these types of systems. Furthermore, the mockloop consists
of three automation components: the blood pressure control, a
circulation volume level control and pH-regulation.
As the kidney is sensitive to pressure disturbances, keeping

Fig. 1: NMP system with pressure control, pH-regulation and level
control

a safe perfusion pressure is essential to preserve the kidney
function. We therefore designed an automatic pressure con-
trol component, which allows for different perfusion strate-
gies. For this, the mockloop includes a pressure sensor in
the arterial cannula, connected to a patient monitor (Philips
MX500, Philips Medizin Systeme Boeblingen GmbH, Boe-
blingen, Germany). The developed blood pressure control in-
cludes different perfusion modes and is configurable during
runtime. Firstly, the system should allow for pulsatile perfu-
sion with different pressure profiles, which mimic the arterial
pulse generated by the human heart. The pressure profile and
parameters like period, amplitude and mean pressure have to
be configurable to adjust the system to specific needs. Sec-
ondly, the system has to be able to provide a constant perfusion
pressure with adjustable mean pressure. A manual perfusion
mode also has to be included. The startup phase of the perfu-
sion is of special interest. The system should allow for differ-
ent startup procedures, e.g. a constant gradient until reaching
the target pressure.
During long-term perfusion, the kidney can produce a signifi-
cant amount of urine. This can result in the perfusate level in
the system dropping, which in the worst case can lead to gas in
the system. We therefore include a level control component in
the mockloop, which automatically keeps a constant perfusate
level in the system. The component includes discrete or contin-
uous sensors that measure the perfusate level at the reservoir.
A peristaltic pump (Ismatec Reglo ICC, Cole-Parmer GmbH,
Wertheim, Germany) is used as an actuator to refill perfusate
or Ringer’s solution into the system.
The third automation component is the pH-regulation. Despite
the regulatory capacities of the human kidney and buffer ca-
pacities of the perfusate, these might be insufficient in keeping
the pH-value in the physiological range. Thus, we developed
a flow-triggered pH-regulation component that injects acidic
or basic solution during alkalemia and acidemia episodes.
The component includes an online blood parameter system
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(Terumo CDI 500, Terumo CV Group, Ann Arbor, USA) as
a sensor for pH readings and a syringe pump (Cole-Parmer
GmbH, Wertheim, Germany) as an actuator for the injections.
To prevent high acid and base concentration in the perfusate,
the injection is synchronized with high flow episodes.
Each of the mentioned medical devices are connected to an
ASMO-Board, which communicate over Ethernet. We chose
Ethernet to enable remote monitoring and feed the integrated
data collection directly into an according data base.

4 Implementation

The implementation of the software architecture is based on
the real-time operating system ChibiOS [7]. As the concrete
DDS implementation, we use embeddedRTPS [9], because it
is suited for the use in embedded systems. We combine man-
ually implemented software components with model-based
code generation. First, we describe the implementation of
the pressure control algorithm, which was designed in Mat-
lab Simulink (The Mathworks, Natick, MA). For the pressure
control, the incoming data first has to be filtered, to reduce
the noise in the measurements. We used Matlab Stateflow to
model the different states of the perfusion like the startup and
different modes for constant, pulsatile and manual perfusion.
For the development of the controller, we created a system
model. The rotary speed of the blood pump is used as an input
and the arterial pressure is the simulated output. The model
was identified via a step response at the end of animal experi-
ments, and by using the response to a chirp signal in a simpli-
fied mockloop with a clamp instead of a kidney. The transfer
function

𝐺(𝑠) =
16

𝑠2 + 18 · 𝑠+ 200
· 𝑒−0.3·𝑠

represents the resulting system model. For the perfusion with
constant pressure, we designed a proportional-integral con-
troller (PI controller), which was parameterised using the
given transfer function with a balance of performance and
robustness. The determined parameters are 𝐾𝑃 = 10 and
𝐾𝐼 = 7. For the pulsatile perfusion with different pressure
profiles, we designed an iterative learning control. For the con-
troller output, the following formula is used:

𝑢𝑖+1(𝑘) = 𝑢𝑖(𝑘) + 𝑙𝑒𝑎𝑟𝑛𝑃 · 𝑒𝑖(𝑘 + 𝑇𝑑)

In the formula, the index 𝑖 represents the period and index 𝑘 is
the step within one period. Furthermore, we use the controller
output 𝑢𝑖, the measured control deviation 𝑒𝑖, the dead time 𝑇𝑑
and the learning rate 𝑙𝑒𝑎𝑟𝑛𝑃 . All perfusion parameters, like
target pressure, are adjustable during runtime by sending cor-
responding commands to the pump node. For the pulsatile per-
fusion, it is possible to define custom pressure profiles as inte-

ger arrays, to create different pressure curves.
In the first iterations of the mockloop we used continuous ca-
pacitive sensors to measure the perfusate level in the reser-
voir. However, the continuous sensors resulted in measurement
problems during long-term perfusion due to changing behav-
ior of the filters in the reservoir with soaking humidity during
the circulation. In the later iterations, we used multiple dis-
crete level sensors, which turned out to be more robust. The
required injection volume is calculated based on the sensor
level and sent to the peristaltic pump.
The third component is the pH-regulation [3]. The component
is divided into two subsystems. The first subsystem measures
the arterial pH value using an online blood parameter system
and periodically computes the bolus to inject. The second sub-
system controls the syringe pumps and synchronizes the in-
jection with the pulsatile flow. This synchronization is done to
avoid high local concentrations of base/acid due to insufficient
dilution.
During perfusion not all components have to be used, for ex-
ample during urine recirculation the level control component
is not required. We therefore designed a modular system, such
that it can be configured dynamically during runtime. The sys-
tem automatically detects which components are connected to
the system and thus which features can be used. Furthermore,
we can notify the user via a user interface, which medical de-
vices are missing in order to use a feature.

5 Results

The presented automated NMP system was used in multiple
animal trials with different configurations for research regard-
ing the normothermic kidney perfusion [2, 4, 6]. In total over
40 porcine kidneys were perfused using the presented system.
In these experiments different configurations were utilized de-
pending on the goals of the experiments. From these exper-
iments we recorded around 100GB of data, storing all mea-
surements and internal values for retrospective analysis. In the
experiments different startup procedures were tested, e.g. a
constant gradient until the target pressure is reached. The fol-
lowing figure 2 shows an example startup phase, which con-
sists of an immediate jump to 25mmHg in under 13s without
overshooting and a continuous increase over 5min to the tar-
get pressure of 75mmHg. During this 6h experiment, the blood
pressure was kept in a safe range. The difference between the
measured pressure and the target pressure of 75mmHg was
less that 2mmHg for 98,12% of the measurements. For the
calculation of this result the measured pressure data was not
filtered and thus contains pressure disturbances, e.g. due to
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Fig. 2: Startup process during kidney experiment

perfusate sampling for blood gas analysis, which results in de-
viations from the target pressure.

6 Conclusion

In this work, we presented a fully automated normothermic
machine perfusion system. The mockloop serves as a long-
term in vitro perfusion setup for research regarding the nor-
mothermic kidney perfusion. The system consists of three
automation components, which can be dynamically config-
ured during runtime. The pressure control component enables
constant and pulsatile perfusion with a configurable startup
phases. The level control component automatically refills the
perfusate level in the system based on the remaining reservoir
level. Finally, the pH-regulation component can automatically
keep the pH value in the physiological range by injecting bo-
luses of base or acid. As an outlook, we plan to design different
approaches for the sensor fault detection and diagnosis.
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