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“Ist das verwendete Blut frisch, hat man sich vor Misshandlung des Herzens 

gehütet, ist sorgfältig auf Fernhalten von Verunreinigungen, von Gerinnseln und 

besonders von Luftblasen geachtet, so bleibt der Erfolg der Blutspeisung kaum 

jemals aus, und bei passender Regelung des Druckes und der Temperatur des 

einströmenden Blutes genießt man dann viele Stunden lang das Vergnügen, das 

Herz kräftig und in voller Regelmäßigkeit arbeiten zu sehen.“ 

Untersuchungen am überlebenden Säugetierherzen.

Oscar Langendorff, Rostock, Germany 1895
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The necessity for more relevant preclinical platforms

Due to technical developments and the growing need to diagnose and treat 

cardiovascular diseases, the demand for cardiovascular therapies is higher 

than ever. Cardiologists are asking for drug and catheter-deliverable ther-

apies such as ablation and annuloplasty rings. Cardiac surgeons are asking for 

smart valve substitutes, heart pumps and want to use surgical robots.

The current standards for the safety and effectiveness of drugs and devices are 

high, thanks to rigorous development and test processes, which are mandatory 

in order to obtain certification for use and reimbursement. Regulatory-wise, the 

final step prior to use in patients is the confirmation of the design and action 

mechanisms in animals, the so-called preclinical studies. The limitations of animal 

tests for cardiovascular purposes are recognized in terms of similarity with the 

human patient’s anatomy and pathophysiological conditions. However, they are 

still considered ‘the best we have’ and to be the last hurdle to be taken after a long 

period of feasibility testing in the laboratory and near-freeze design on the bench. 

Nevertheless, in the final phases of animal testing and first-in-man-tests, short-

comings in design, delivery system and usability become apparent. Apart from 

the conventional urge to keep the time-to-market as short as possible in order to 

reduce R&D costs and to accomplish a quick return on investments, redesign and 

retesting  iterations are expensive and should be avoided (see figure 1).

A principle change should be introduced into the R&D cycle. At a very early stage, 

technology but also users should be critically challenged by real-life scenarios and 

platforms that address solutions to challenges in the regulatory process. In other 

words, inventor-driven device development suffers from underfunding, pressure 

of time-to-market and sometimes the absence of useful platforms, leading to the 

contradictory situation of moving as swiftly as possible to premature animal 

testing and preferably as little as possible due to costs and animal welfare consid-

erations.

Therefore, there is a growing need for test platforms that challenge the critical 

components and functions. LifeTec Group B.V., a spin-off company of the Eind-

hoven University of Technology, took it as its mission to provide test platforms 

that are relalistic, relevant, customer-tailored, and carry a degree of reliability and 

reproducibility, while mimicking actual in vivo situations (see figure 2).

Figure 1 The long way from idea to certification. 

Preclinical testing is necessary to ensure device and application safety and effectivity. Nevertheless, 

appropriate and realistic preclinical platforms are missing, leading to expensive device redesign and reas-

sessment. Figure provided by LifeTec Group B.V.

Figure 2 Medical device testing strategies.

Innovative medical devices and therapeutic attempts require appropriate protocols and suitable testing 

platforms, while the reduction of animal experimentation, ethics, time and costs are the crucial aspects. 

The translation of laboratory results to animal experimentation is often problematic. Therefore, plat-

forms are desired, which can close the gap in translation between in vitro and in vivo experiments. Figures 

provided by LifeTec Group B.V.
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Today, it is not only the living hearts of animals that can be made available for 

testing devices at any stage of the design cycle. Depending on the purpose of 

testing, fresh frozen and defrosted animal or even human hearts can be used in a 

‘passively’ beating heart, the so-called cardiac biosimulator (see figure 3).

In addition, testing tissue engineered valves and coronary stents with special 

coatings in bioreactors, i.e. near-vivo tests, may be considered. Therefore, several 

ex-vivo and near-vivo tests are available today in order to assess in-depth design 

specifications and functionality mechanisms. Once more, these test platforms 

primarily assist in challenging and the improvement of designs and prototypes of 

diagnostic and therapeutic tools at the early and late stages of the R&D cycle. (see 

figure 4).

The PhysioHeart™ and its imminent challenges

In early stage research, regulatory testing for efficacy and safety is often conducted 

on standardized bench-top equipment. However, as device development is always 

pushing the boundaries of what is possible, the benchtop environment may not 

resemble the in-vivo test environment very well for innovative intervention 

concepts. This makes translation of results from the bench to the animal often very 

Figure 3 Ex vivo- between in vitro and in vivo.

Clinical translation can be facilitated, using platforms and protocols tailored for the need. Depending on 

the exact needs and stage of the device development, different platforms can be considered to simulate 

realistic morphology and cardiac hemodynamics. The Cardiac Biostimulator, an advanced pulse dupli-

cator, compasses a dead heart connected to a mock loop, while a pulsatile stroke is driven by an external 

piston pump; a robust model, perfect for testing hemodynamic changes and insertion and removal of 

cardiac devices. However, the piston pump does not react to for instance pressure unloading. Therefore, an 

even more realistic platform is a living ex vivo beating heart with real contractions and tissue responses 

able to run for several hours. An interesting model for regenerative medicine to restore cardiac function 

of damaged hearts. Figures provided by LifeTec Group B.V.

difficult. So called ex-vivo solutions using slaughterhouse organs can provide a 

more realistic life-like environment to smooth that translation, and possibly serve 

as a substitute for parts of acute whole animal experiments. LifeTec Group B.V. 

has further developed a slaughterhouse-based ex vivo beating heart, the so called 

PhysioHeart™ platform, in which a fresh porcine heart obtained from the slaugh-

terhouse is mounted onto an extracorporeal circulation loop. Its development 

goes back to Gerda L. van Rijk-Zwikker, a pioneer from the Department of Cardio-

thoracic surgery at the Leiden University Medical Center1-3. In 1994 she reported 

on video endoscopy studies on mitral valves in isolated beating hearts, which 

had been obtained from laboratory pigs4. In 2010 her colleague Arend de Weger 

reported on a direct videoscopic assessment of an aortic transcatheter heart valve 

implantation in the PhysioHeart™, a real working slaughterhouse porcine heart 

mimicking patient conditions5. This publication marked a development in a new 

technology, in which valves can be studied by using a working slaughterhouse 

heart. This is only part of the PhysioHeart™ experience which spans about 15 years 

and comprises an estimated total of 300 experiments. The working isolated pig 

heart can serve a wide range of tests and can be used in all imaging environments 

including 3 Tesla MRI6,7. Apart from the working mode, additional advantages are 

its physiological metabolism, contractility and normothermic coronary hemoper-

Figure 4 The PhysioHeart platform.

The PhysioHeart is an isolated beating heart platform which represents the natural cardiac morphology 

and physiology. The myocardium shows physiological contraction while the coronaries can be perfused 

naturally. The revived hearts show realistic hemodynamics with a total cardiac output of 5L/min at an 

aortic pressure of 120/80 mmHg. Therefore, pathological situations and failing heart conditions can be 

simulated and devices for instance left ventricular assist devices (LVADs) accessed with numerous imaging 

techniques (e.g. cardioscopy, echography, thermography, 4D flow, fluoroscopy and computer tomography 

(CT)). Figures provided by LifeTec Group B.V.
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fusion. Despite longstanding experiences with the PhysioHeart™ platform, chal-

lenges remain. In a successful experiment usually, the heart is stopped when the 

work is done, but also as a result of the natural end-of-life of the isolated working 

heart, a swollen heart with cardiac necrosis, edema, loss of structure, ischemia and 

failing contractility is observed. These are the consequences of serious and unde-

sired events such as reperfusion injury, unconditioned blood, immune reactions 

and possibly structural tissue changes. It is still a resourceful procedure, which 

requires intensive test preparations although scientific claims and requirements 

for pre-clinical testing are becoming increasingly demanding in respect of reli-

ability, accuracy and duration. Some of the challenges to be overcome resemble 

the struggle to preserve donor hearts and use non- beating donor hearts. In other 

words, the research challenges are becoming more complex and more ‘biological’ 

than the ‘engineering’ challenges.

The aims and outline of this thesis

The slaughterhouse-based ex vivo beating heart platform, PhysioHeart™, is facing 

difficult tasks and barriers which will have to be overcome in order to guarantee 

reliable and accurate test outcomes and to be prepared for the more in-depth, 

biological-based treatment technologies of pharmacology and regenerative medi-

cine. It may provide a solution to the increasing demand for longer duration exper-

iments and combinations of drug therapy (i.e. arrhythmia treatment), for devices 

(i.e. ventricular assist devices), and stem cell therapies. Prior to making the plat-

form ready for these challenges, we critically assessed the lifecycle of the slaugh-

terhouse hearts from selection to the end of the experiment.

In the coming chapters this lifecycle is assessed and process and quality controls 

in use of isolated beating porcine slaughterhouse hearts are presented to 

overcome the issues encountered.

Chapter 2 presents biochemical, electrophysiological and hemodynamic changes 

during ex vivo cardiac hemoperfusion and identifies ex vivo normothermic heart 

perfusion as cardiac physiology in a multi-organ failure situation with the need for 

plasma clearance during perfusion.

Chapter 3 introduces a mathematical model in combination with noninvasive 

experimental data as a tool to predict early pathological cardiac behaviors and 

heart failure in ex vivo beating hearts.

Chapter 4 demonstrates the attenuated cardiac function loss through blood clear-

ance by means of hemodialysis.

Chapter 5 introduces a method for process control and quality assurance to 

improve the reproducibility and standardization, while reducing the cardiac 

function variability by means of effluent analysis during transport prior to heart 

revival.

The extended use and biological stability of the platform is also associated with 

the cascade of inflammatory response. This is already initiated at harvesting and 

becomes manifest during reperfusion, despite the use of conventional cardio 

protection. Therefore, Chapter 6 defines the state-of-the art use of isolated hearts 

for research which includes a critical appraisal of the literature as well as current 

practice with the PhysioHeart™ platform. Its focus is on managing the logistics of a 

fail-sensitive complex process. In addition, this chapter discusses lessons learned 

from the experience with the PhysioHeart™ platform in the past and provides 

suggestions for process management and quality control in the future.

Chapter 7 investigates the mapping and cannulation of the porcine epicardial 

lymphatic system for use in the preservation and decompression of explanted 

hearts for fluid management and edema reduction. An example of new pathways 

to explore next to blood and fluid management and transport optimizations.

Chapter 8 describes the preservation of extracellular matrix and its cytoprotective 

effects on cardiomyocyte-like cells, which have potential future usage in patches 

or as carrier material in injectable cell-based products. Products from regenera-

tive medicine, which could be interesting to be verified in the PhysioHeart™ plat-

form in the near future.

Chapter 9 presents a discussion on the core matters based on a wrap-up of the 

results presented in this thesis. It offers suggestions for best practice concerning 

the use of isolated beating slaughterhouse hearts, including future extensions 

of their use as a base for investigations, with the overall aim of reducing time-

to-market for medical devices and therapies, as well as reducing the numbers of 

animal experiments.
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Abstract

The PhysioHeart™ is a mature acute platform, based isolated slaughterhouse 

hearts and able to validate cardiac devices and techniques in working mode. 

Despite perfusion, myocardial edema and time-dependent function degradation 

are reported. Therefore, monitoring several variables is necessary to identify which 

of these should be controlled to preserve the heart function. This study presents 

biochemical, electrophysiological and hemodynamic changes in the PhysioHeart™ 

to understand the pitfalls of ex vivo slaughterhouse heart hemoperfusion.

Seven porcine hearts were harvested, arrested and revived using the Physio-

Heart™. Cardiac output, SaO2, glucose and pH were maintained at physiolog-

ical levels. Blood analyses were performed hourly and unipolar epicardial elec-

trograms (UEG), pressures and flows were recorded to assess the physiological 

performance.

Normal cardiac performance was attained in terms of mean cardiac output 

(5.1±1.7 L/min) and pressures but deteriorated over time. Across the experiments, 

homeostasis was maintained for 171.4±54 min, osmolarity and blood electrolytes 

increased significantly between 10-80%, heart weight increased by 144±41 g, 

free fatty acids (-60%), glucose and lactate diminished, ammonia increased by 

273±76% and myocardial necrosis and UEG alterations appeared and aggravated. 

Progressively deteriorating electrophysiological and hemodynamic functions 

can be explained by reperfusion injury, waste product intoxication (i.e. hyperam-

monemia), lack of essential nutrients, ion imbalances and cardiac necrosis as a 

consequence of hepatological and nephrological plasma clearance absence.

The PhysioHeart™ is an acute model, suitable for cardiac device and therapy 

assessment, which can precede conventional animal studies. However, observa-

tions indicate that ex vivo slaughterhouse hearts resemble cardiac physiology of 

deteriorating hearts in a multi-organ failure situation and signalize the need for 

plasma clearance during perfusion to attenuate time-dependent function degra-

dation. The presented study therefore provides an indepth understanding of the 

sources and reasons causing the cardiac function loss, as a first step for future 

effort to prolong cardiac perfusion in the PhysioHeart™. These findings could be 

also of potential interest for other cardiac platforms.

Background

I
solated perfused hearts have been used for cardiac research since the ground-

breaking work of Langendorff1 in 1895. Hearts isolated from the body and 

perfused ex vivo offer results with higher reproducibility, when compared to 

in vivo counterparts, because they are not affected by systemic influences, such as 

neurohumoral control and systemic circulation. Extensive work has been done to 

customize ex vivo heart platforms for precise research purposes and to improve 

and accelerate the development of cardiac prototypes and interventions. The 

optimal perfusion with warm oxygenated blood enables realistic device valida-

tion, while these setups can be also medical devices themselves (e.g. donor heart 

transportation)2,3. Nowadays, ex vivo models are available that offer more in-dept 

research possibilities such as electrophysiological studies4,5 and working heart 

studies6,7, in which blood is pumped in a natural way (i.e. the blood enters the 

heart through the left atrium, it is then pumped to the left ventricle and it is finally 

ejected through the aorta). This “working mode” allows measurements of pump 

function, cardiac pressures (i.e. ventricular, aortic, pulmonary) and flows (i.e. 

aortic, coronary, etc.) and was first described by Neely, Liebermeister6 in 1967. 

As a result of these setup developments, isolated heart preparations are used for 

a variety of investigations in cardiology, cardiac surgery, physiology and pharma-

cology to investigate physiological, biochemical, pharmacological and morpholog-

ical characteristics as well as cardiac function8-13.

Pig hearts are appreciated for investigations, which specifically require physio-

logical conditions similar to patient application, as these hearts are a good match 

to the morphology and physiology of human hearts10. However, potential signifi-

cant differences (i.e. shape, opening of superior and inferior caval veins into the 

atrium, prominent left azygous vein drainage, number of pulmonary veins, etc.) 

are known between porcine and human hearts14.

Considering the increase of cardiac investigations while bearing in mind the costs 

and ethical issues related to laboratory animal experiments, isolated slaughter-

house hearts could under carefully chosen circumstances be used for feasibility 

studies that can precede the conventional and contentious animal testing. Slaugh-

terhouse heart experiments are less cost intense, as experimentation proto-

cols do not need ethical approval, while uncertified teams can perform several 

experiments a day, due to the abundance of slaughterhouse hearts without sacri-

ficing additional animals for the research conducted. This results in an improved 

learning curve as investigations can originate faster15. 
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One customized model based on slaughterhouse hearts is the PhysioHeart™, 

developed by LifeTec Group B.V. (Eindhoven, The Netherlands). Slaughterhouse 

pig hearts revived in this commercially available isolated heart model have previ-

ously shown cardiac output, stroke volume, pressures, valve interactions and 

dynamic changes that are comparable to those observed in humans15. In the last 

decade, this model has been used to successfully visualize transcatheter aortic 

valve implantations16, to assess computer tomographic myocardial perfusions17, 

to evaluate magnetic resonance imaging-based 4D flow analysis and to study left 

ventricular assist devices18,19, intra-aortic balloon pump support20 and coronary 

autoregulation21.

In the face of, extensive work, novelties and decades of experience, isolated heart 

perfusion remains demanding, in particular in use of slaughterhouse hearts. The 

unavoidable warm ischemia (between exsanguination of the pig and the cardiac 

arrest) and the cold transport to the laboratory influence the experimentation 

outcome negatively. These shortcomings encountered within these experiments, 

specifically the time-dependent contractility degradation and edema, are under 

specific aspects similar to those observed within human DCD (donation after 

circulatory determined death) heart preservation, which are considered for trans-

plantations.22

Although the PhysioHeart™ model is well-established for device and therapy 

testing, less is known about its cardiac metabolic, biochemical and electrical phys-

iology as the experiments progress in time, specifically regarding the source of 

the abovementioned shortcomings. Therefore, in this study, we report a compre-

hensive recording of time-dependent metabolic, biochemical, electrical and 

hemodynamic variables acquired from isolated normothermic, hemoperfused, 

slaughterhouse porcine hearts. The goal of this study was to create a much as 

possible complete inventory of the changes over time to identify the causes of 

the progressive deterioration of cardiac function and development of edema in 

the PhysioHeart™. This study provides the basis for further investigations and 

improvements to extend the cardiac function of the slaughterhouse hearts revived 

in the PhysioHeart™ platform. We envision that this study with its comprehensive 

recordings could be of potential interest for cardiac normothermic perfusion in 

other platforms.

Methods

Animals

Seven hearts were obtained from Dutch Landrace pigs slaughtered for human 

consumption. Each animal had a weight of approximately 110 kg. All protocols 

followed by the slaughterhouse and laboratory were consistent with EC regula-

tions 1069/2009 regarding the use of slaughterhouse animal material for diag-

nosis and research, supervised by the Dutch Government (Dutch Ministry of 

Agriculture, Nature and Food Quality) and were approved by the associated legal 

authorities of animal welfare (Food and Consumer Product Safety Authority).

Isolation and administration of cardioplegia

The procedure for harvesting the hearts was equivalent in all the animals and 

is summarized in this section. Before heart harvesting, the pig was electrically 

stunned, hung and exsanguinated, but not heparinized. Afterwards a parasternal 

incision was made in the thorax and the heart and lungs were removed en-bloc. The 

heart was immediately topologically cooled. Subsequently, the pericardial sac was 

opened, the pulmonary artery was transected under the bifurcation and the aorta 

was transected under the first supra-aortic vessel. The heart was then isolated 

and prepared as described in a previous study21. Immediately after removal, the 

aorta was cannulated and 2 L of heparinized modified St. Thomas 2 crystalloid 

cardioplegic solution (Table 1) was administered through the coronary arteries at 

a mean pressure of 80-100 mmHg and a temperature of 4 ˚C. Warm ischemic time 
was measured and never exceeded four minutes. During the harvesting, 10 L blood 

to be used for reperfusion were collected, by exsanguination, from subsequently 

slaughtered pigs; this blood was also heparinized at 5000 IU/L. The heart was 

transported to the laboratory submerged in the St. Thomas solution at 4 ˚C and the 
blood was transported in a Jerry can at room temperature with no additional treat-

ments. The heart and blood were stored for two hours (transport and preparation) 

and, after one hour in storage, an additional liter of cold cardioplegic solution was 

administered to the heart and the blood was filtered with a 200 µm filter.

Table 1 Modified St. Thomas solution for crystalloid cardioplegia.

Salts Concentrations (mmol)

Sodium 130

Potassium 16

Magnesium 16

Calcium 1.2

Chloride 171.4

Procaine 1

Heparin 5000IU/L
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Mounting isolated hearts onto the circuit

The ex-vivo perfusion of the slaughterhouse hearts was performed using the 

PhysioHeart™ platform, which has been described previously15. The left atrium 

and the aorta were connected to the platform, the pulmonary artery was cannu-

lated in order to return the venous blood to the reservoir and measure coronary 

flow. Temporary pacing leads (Medtronic Inc., Minneapolis, MN, USA) were placed 

on the right ventricular outflow tract (RVOT) to monitor electrical activity and 

paced when needed to maintain a regular rhythm. A porcine heart mounted in the 

platform in shown in Fig. 1. The perfusion circuit was primed with normothermic 

(38 ˚C) heparinized oxygenated blood (6 L, hematocrit 18-25%; pH 7.40±0.05) 
and supplemented with insulin (0.32 units/L). The hearts were then perfused in 

Langendorff mode to keep the coronary perfusion pressure at 80 mmHg. Steady 

contractile myocardial activity was restored within five minutes, providing 

defibrillation when needed.

After a supplementary stabilization time of about 15 min, preload and afterload 

were opened, so the platform was switched from Langendorff to working mode. 

During the working mode, the left ventricle (LV) ejects the perfusate into the 

afterload. The atrial pressure (ATP) and aortic pressure (AP) were adjusted to 

create a mean load of 10–20 mmHg and of 60–100 mmHg, respectively. All related 

pressures and flows were monitored and kept at physiological values. The blood 

glucose level was maintained, manually, between 5 and 7 mmol/L by the addition 

of a mixture of glucose and insulin. The pH was maintained with sodium bicar-

bonate. The mean cardiac output and coronary flow rate were measured using two 

ultrasound flow probes (SonoTT™ Clamp-On Transducer, em-tec GmbH, Finning, 

Germany), placed after the afterload and the pulmonary artery, respectively. The 

hemodynamic parameters were continuously monitored and adapted according 

to the pump function of the heart to fit the optimal clinical scenario as reported in 

Schampaert, van Nunen20, shown in Fig. 2.

Blood analysis and control

Arterial blood samples were taken from the oxygenator before the heart was 

connected to the loop, this was called the baseline measurement, and then every 

60 min after reperfusion. Blood gas values, temperature, and electrolytes were 

measured using a VetScan i-STAT 1 (Abaxis, Union City, CA, USA). Based on the 

i-STAT 1 measurements, the pH, glucose, and ionized calcium were maintained 

at physiological levels by adding sodium bicarbonate, a glucose/insulin mixture 

(2 mmol/U) and calcium chloride. For further detailed analysis, full blood was 

collected in blood collection tubes. Tubes for plasma and serum analysis were 

centrifuged at 500 g for 10 min. Plasma and full blood samples were stored at 4 

˚C and serum samples were stored at -80 ˚C overnight. The following day, samples 
were transported for analysis to a clinical laboratory (Máxima Medisch Centrum, 

Veldhoven, the Netherlands) and were examined with a C8000 analyser (Roche).

Pacing protocols, electrical acquisitions and signal processing and analysis

After the first four experiments, it was hypothesized that the analysis of the 

hearts’ electrophysiology could give further insight on how to prolong normo-

thermic perfusion. Hence, as a proof of feasibility, an electrophysiological analysis 

Figure 1 Porcine heart mounted in the PhysioHeart™ platform. Figure 2 Physiological clinical scenario followed during the PhysioHeart™ experiments.
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was performed in the last three experiments as follows. The hearts were paced, 

when necessary, with a pacing lead placed at the RVOT. To avoid breakthrough 

beats, pacing was provided at a higher frequency than the exhibited sinus rhythm 

of around 100 bpm. In order to investigate their electrical restitution (i.e. the 

physiological change in wave propagation velocity with respect to the change 

in heart rate), the hearts were paced at 100, 120 and 150 bpm during working 

mode. Unipolar epicardial electrograms (UEG) were acquired, on the left ventricle, 

with two different custom-made acquisition systems. Using two different systems 

allowed to compare which would be a better option in cardiac transplant appli-

cations. First, the UEG were measured using a square grid containing 11x11 elec-

trodes, with 5 mm inter-electrode spacing. When using this grid, the UEG were 

recorded, simultaneously from all electrodes, using a BioSemi ActiveTwo acqui-

sition and preprocessing system at a sampling frequency of 2048 Hz. The second 

acquisition system was formed by a rectangular grid of 6x8 electrodes (AD-TECH 

FG48G-SP05X-0E2). The signals from the latter grid were recorded simultaneously 

from all electrodes by a National Instruments (NI) 6031E acquisition card at 500 

Hz. The acquisition card was connected to the grid using an NI SCB-100 shielded 

connector block followed by a NI-SH100100 connector cable. The configuration 

of the acquisition card and the recording of the signals was made using a custom-

made virtual instrument developed in NI Labview 2013. Both grids are shown, as 

placed during the experiments, in Fig. 3.

After their acquisition, the UEG were pre-processed using a digital, Butterworth, 

band-pass filter with cutoff frequencies fc
1
 = 0.5 Hz and fc

2
 = 0.5 Hz. This filter 

removed undesirable DC components, baseline wander and high frequency, 

low-amplitude, noise. Afterwards, the activation time of the tissue under each elec-

trode was measured as the point when the signal’s derivative was minimal during 

the QRS complex of each beat. The propagation of the activation wave was assessed 

using activation maps, these were constructed, for each beat, by measuring the 

activation time of the tissue under each electrode and drawing isochrones that 

joined the areas of the LV that activated simultaneously. Finally, the velocity at 

which the activation wave propagated, called wave propagation velocity (WPV), 

was measured from the activation maps using the following equation:

WPV =
         d(p

1
,p

2
)

                    AT(p
2
) – AT(p

1
)

where p
2 

and p
1
 are two points in the direction of propagation, d(p

2
,p

1
) is the 

Euclidean distance between the two points and AT(p) is the activation time at 

point p. The UEG post-processing was done using Matlab (R2017b).

Statistics

The seven hearts selected for this study were those that showed initial physiolog-

ical cardiac hemodynamics which we considered to be at least CO 3 L/min, ATP 

10 – 20 mmHg and AP 60 mmHg at the beginning of the working mode. Statis-

tically significant differences in the mean values among treatment groups were 

determined by one-way analysis of variance. A paired t-test was used to confirm 

differences between heart weights before and after the experiment. A p-value 

≤ 0.05 was set as a criterion for significance. All values are presented as the mean 
± standard deviation. All the statistical tests were performed with Sigmaplot 11.0.

Figure 3 Electrode grids used to measure the UEG during the PhysioHeart™ experiments. (left) 11x11 

electrode grid used with BioSemi ActiveTwo acquisition system (right) 6x8 electrode grid used with the 

National Instruments acquisition system.

Figure 4 Weight of the hearts before connecting them to the platform and after the end of the experiments, 

* indicates a statistically significant difference.
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Results

Cardiac hemodynamics and weight

The porcine hearts used in the experiments had a mean weight of 513±104 g and 

showed hypertrophic cardiomyopathy before they were connected to the experi-

mental platform, a general observation on the use of slaughterhouse hearts. After 

the experiments, the hearts had increased their weight to 657±173 g, which is a 

statistically significant (p=0.018) increase of 28%. This result can be observed in 

Fig. 4.

All seven hearts were revived and produced initial normal cardiac flows under 

the relevant pressures (ATP: 13±2 mmHg; LVP: 71±18 mmHg; AP: 75±8 mmHg) 

during the working mode. At baseline, the initial cardiac output (5.1±1.7 L/min) 

was physiological in all hearts but decreased over time with a deterioration rate 

of 12.5±2.7% per hour, while pressures were kept at physiological levels. All 

hearts preserved physiological hemodynamics for at least two hours. Only two 

of the seven hearts were able to maintain physiological hemodynamics for up to 

four hours. The progression of the cardiac output during the experiments can be 

observed in Fig. 5; in the figure, the values are shown as a percentage of their 

baseline values. The figure indicates that the degradation of the cardiac output 

was similar across all the experiments. The coronary flows and aortic pressures 

degraded with a similar trend.

Blood values

Electrolytes

The electrolyte concentrations that were documented across all seven experiments 

are presented in Fig. 6. At baseline, before connecting the hearts into the circuit, 

hyper-chloremia, -kalemia, -phosphatemia and -osmolarity were observed. Potas-

sium values remained at its baseline level (7±0.3 mmol/L) during the experiments. 

Sodium, total calcium, chloride, phosphate and magnesium increased steadily each 

hour by 3.9±1.2 mmol/L, 0.3±0.2 mmol/L, 4.7±2.4 mmol/L, 0.2±0.08 mmol/L 

and 0.2±0.1 mol/L respectively, which resulted in hyper-natremia, -calcemia and 

-magnesemia during reperfusion. In all experiments, the electrolyte concentra-

Figure 6 Time dependent changes in electrolyte concentrations shown as scatter and column plots. The 

dashed lines indicate upper and lower reference limit. a. Sodium, b. Potassium, c. Phosphate, d. Osmolarity, 

e. Chloride, f. Total calcium, g. Magnesium. * denotes a statistically significant difference in mean value.

Figure 5 Progression of the cardiac output across all the experiments. The values are presented as a 

percentage of their baseline value. * indicates a statistically significant difference.
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tions in blood were unphysiologically high before reperfusion or rose to unphysio-

logical concentrations as the experiment progressed.

Metabolic panel

The metabolic panel, and its evolution in time, is presented in Fig. 7. The hearts 

revived in the platform showed symptoms of an aerobic metabolism during the 

working mode. As can be observed in Fig. 7b, this was evidenced by the consump-

tion of approximately 1 mmol/L of glucose and 1 mmol/L of lactate per hour. 

However, lactate levels stabilized or even rose in the last hour, this is an indica-

tion of an anaerobic metabolism towards the end of the experiment. The manual 

adjustments in glucose helped maintaining it within physiological ranges but 

resulted in a wide variation during the third hour with an increase in the mean 

value, as can be observed in Fig. 7a. Additionally, as can be observed in Fig. 7c 

the mean values of free fatty acids decreased with an exponential trend from 

0.62±0.33 mmol/L to 0.22±0.06 mmol/L in the first hour and dropped below the 

lower reference limit in the second hour; this is also an indication of an aerobic 

metabolism. Concentrations of triglycerides were stable at 0.7±0.1 mmol/L during 

the experiment; however, an increase in the mean value after one hour of reperfu-

sion can be observed in Fig 7g. Urea and creatinine were stable at 3.5±0.1 mmol/L 

and 140.2±6.4 µmol/L respectively with signs of elevated creatinine levels. In 

turn, hyperammonemia could already be observed at baseline (305±76 µmol/L) 

and increased at a rate of 132.5±34.2 µmol/L per hour during the experiment. 

Cell damage biomarkers

Before connecting the hearts to the circuit, the mean values of the cell damage 

markers were above the reference limits, as can be observed in Fig. 8. Within the 

first hour after cardiac reperfusion, all cell damage markers showed the highest 

increase compared to the later measurements. Aspartat-Aminotransferase (ASAT), 

Creatine Kinase (CK), Troponin I, L-Lactatdehydrogenase (LDH) and Myoglobin 

were rising throughout the experiment with 337±175 U/L, 4099±1699 U/L, 

29717±6954 ng/L, 464±1699 U/L, 1289±1026 µg/L respectively.

Figure 7 Scatter and column plots showing the changes of metabolic biomarker concentrations during 

the ex-vivo beating heart experiments. Dashed lines indicate upper and lower reference limits. a. Glucose, 

b. Lactate, c. Free fatty acids, d. Ammonia, e. Urea, f. Creatinine, g. Triglycerides. * denotes a statistically 

significant difference in mean value.

Figure 8 Scatter and column plots showing the cardiac necrosis markers values during hemoperfusion in 

the PhysioHeart™ platform. a. Aspartat-Aminotransferase (ASAT), b. Creatine Kinase (CK), c. Troponin I, 

d. L-Lactatdehydrogenase (LDH) and e. Myoglobin. * denotes a statistically significant difference mean 

value.



Process and quality control in use of isolated beating porcine slaughterhouse hearts34 35Investigating the physiology of normothermic ex vivo heart perfusion in an isolated slaughterhouse porcine 
model used for device testing and training

II

ch
a

p
t

er

Additional plasma values

Manual pH balancing ensured the stability of the mean values of pH (7.40±0.02) 

and base excess (-1.32±0.43 mm/L) but resulted in high variance in these markers, 

see Fig 9d and e. Although albumin concentrations (28±3 g/L) were also stable, 

their levels were low in relation to the reference range and identified the patholog-

ical nature of hypoalbuminemia. Similarly, hypervitaminosis D was identified due 

to high and not changing calcitriol levels (315±15 pmol/L) above the reference 

range, see Fig. 9c. Finally, free hemoglobin increased during the experiment by 

approximately 0.02±0.01 mmol/L per hour.

Activation maps and wave propagation velocity measurements

Activation maps have been recorded on the epicardial surface of the hearts with 

two different electrode grids (11x11: Fig.10, 6x8: Fig. 11). Fig. 10 shows represen-

tative examples, at three different instants in time, of the activation maps obtained 

during one of the experiments, in which the heart was paced at 100 bpm during 

working mode. The activation patterns do not show signs of conduction block or 

arrhythmic nodes at any moment of the working mode on the area covered by 

the grid. However, the three activation patterns show a delay in the arrival of the 

depolarizing wave over time. The moment the wave arrives to the grid in Fig. 10a 

Figure 10 Activation maps observed during the working mode of the baseline PhysioHeart™ experiment. 

The heart was paced at 100 bpm. Electrode (2,6) malfunctioned, so the data from that channel was 

ignored. a. Was measured at the beginning of the working mode, b was measured 30 minutes after a. and 

c. was made 30 minutes after b. at the end-point of the experiment.

Figure 9 Scatter and column plots of blood related biomarkers during PhysioHeart™ experiments. a. 

Albumin, b. Free hemoglobin, c. Calcitriol, d. Base Excess, e. pH, f. Arterial oxygen saturation. * denotes a 

statistically significant difference in mean values.

is at around 130 ms after the pacing signal, this is increased to around 140 ms in 

Fig 10b and is over 150ms at the endpoint of the experiment (see Fig. 10c).

The activation maps measured in another experiment included a pacing protocol, 

in which three different frequencies (at sinus rhythm at 100 bpm, 120bpm and 

150bpm) have been considered, which can be observed in Fig. 11. These measure-

ments were made using the 6x8 electrode grid configuration. The direction of the 

depolarizing wave during pacing (Fig. 11b-c) was different compared to sinus 

rhythm (see Fig. 11a), since the natural heart rhythm starts in the sinus node and 

the pacing is provided at the RVOT, this phenomenon is justified. As before, the 

region that was monitored by the grid showed no arrhythmic nodes or areas of 

conduction block during the working mode. Furthermore, as can be observed in 

Fig. 11b-c changing pacing frequencies had no observable effect on the propaga-

tion pattern.

Differences between the activation maps in Fig. 10 and 11 are a consequence of 

the grid configurations. Activation maps in Fig.10a-c look more uniform due to the 

larger grid (11x11 electrodes, 55x55mm) compared to Fig. 11a-c (6x8 electrodes, 

30x48mm), which is also reflected in the shorter travelling time in Fig. 11. Differ-

ences in direction are attributable to the different positions of the grids (see Fig.3).

The wave propagation velocities measured across all PhysioHeart™ experiments 

at the beginning of the working mode are presented in Table 2. The mean value of 

the velocity shows a physiological restitution effect 23, (i.e. a decrease in both action 

potential duration and wave propagation velocity as the stimulation frequency 
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Figure 11 Activation maps observed during the working mode of a PhysioHeart™ at three frequencies. 

Three different frequencies (sinus rhythm at 100 bpm, 120bpm and 150bpm) have been included in the 

measurement. In a. the heart was beating at sinus rhythm, whereas in b. and c. a pacemaker drove the 

beating of the heart.

increases). However, the standard deviation of the WPV shows a beat-to-beat vari-

ability over all experiments (around 10 cm/s). The measurements presented in 

Table 2 were made at the beginning of the working mode and indicate normal 

physiological behavior. However, towards the end of the experiment, the measure-

ments of conduction velocity indicated a value of around 65cm/s at 100bpm (not 

shown in the table), which are different from the values (40-90cm/s) reported in 

humans.24 This decrease in velocity indicates an impaired electrical conduction as 

the experiment progresses in time.

Table 2 Mean value (μ
WPV

) and standard deviation (σ
WPV

) of the wave propagation velocities measured 

during working mode at different pacing frequencies. The table summarizes the acquisitions made across 

all PhysioHeart™ experiments.* bpm at sinus rhythm.

Frequencies μ
WPV

σ
WPV

100 bpm* 100.00 cm/s 9.10 cm/s

120 bpm 79.86 cm/s 13.31 cm/s

150 bpm 75.33 cm/s 9.92 cm/s

Discussion

The main objective of this study was to present an in-depth biochemical, hemody-

namic and electrophysiological characterization of our isolated ex-vivo slaughter-

house heart experiments in the PhysioHeart™ platform. Initially, the resuscitated 

porcine hearts showed physiological metabolic, electrical and hemodynamic activ-

ities. However, electrophysiological and hemodynamic cardiac functions gradually 

diminished due to the initiation of waste product intoxication, reduction of essen-

tial nutrients, ion imbalances, cardiac necrosis and, most likely lastly, reperfusion 

injury and inflammation. On one hand, we conclude that the variability observed 

in the baseline pump function is a consequence of the ‘random’ selection of the 

slaughterhouse animals and the harvesting techniques. On the other hand, the 

superimposed progressive diminishment in cardiac function is a result of the 

isolated slaughterhouse heart pathophysiology. Namely, the observed loss of func-

tion is associated with an increased level of metabolites and electrolytes, declining 

nutrients, a gradual loss of tissue integrity with edema and cell death which we 

believe is a result of the lack of hepatic and nephrological plasma clearance in the 

isolated heart setting. Fig. 12 summarizes these results, which resemble the dete-

rioration of the heart function in a multi-organ failure situation. These observa-

tions support the use of plasma clearance interventions and support the working 

hypothesis that isolated hearts should be treated, as far as possible, as heart-and-

organ failure environment

The limited duration of acceptable performance during the isolated heart exper-

iments highlights that the isolated working heart needs to be in an environment 

that resembles the in-vivo physiology to avoid loss of its morphological and 

functional integrity. The slaughterhouse pigs used in this study were in general 

good health and were examined by a veterinarian prior to slaughtering. However, 

previous research has shown that domestication, selective breeding, scarce phys-

ical activity and improved feeding efficiency lead to morphological abnormali-

ties in slaughterhouse-derived porcine hearts25; this was observed in our spec-

imens as hypertrophic cardiomyopathy. Also, the baseline blood measurements 

revealed elevated levels in damage markers (i.e. CK, ASAT, LDH, troponin and 

myoglobin). As previous research has shown, elevated damage markers were 

most likely caused by the limited heart capacity observed in farm animals due 

to an intensive selection pressure and high stress during regrouping, transport 

and slaughtering26. The baseline measurements also revealed high ion concen-

trations and hyperosmolarity in blood; as previously reported by Heinze and 

Mitchell27, this was probably a consequence of water accumulation in the intra- 

and inter-cellular space caused by the electrical stunning. Moreover, it is believed 

that the hyperkalemia observed at baseline was a consequence of the rapid drop 
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in pH produced by the slaughtering; this drop in pH is known to lead to a cellular 

intake of H+ and release of K+ as a physiological process of pH balancing28. Elec-

trical stunning also produces muscle contraction, which leads to hypoglycemia, 

hyperlactatemia, elevated creatinine levels and hyperammonemia29. These 

contractions can further lead to acidosis (low pH) and hyperlactatemia, an effect 

that has previously been reported during epileptic seizures when the muscles 

suffer from hypoxia30,31.

For each heart experiment, blood from different pigs was collected immediately 

after exsanguination and stored for about 2 hours until preparation for reperfu-

sion. Generally, pooling blood leads to transfusion reaction in humans, but the 

particular characteristics of the porcine hematopoietic system make porcine 

blood pooling less harmful as it causes transfusion reaction only in very rare cases. 
32 However, the storage lesion of erythrocytes, during which glucose is consumed, 

levels of 2,3-diphosphoglycerate (DPG) and ATP decrease, and ammonia and 

potassium levels increase33-35, is most likely contributing to the pathological blood 

values observed already at baseline.

Despite the quick harvesting process, warm cardiac ischemia is still expected to 

occur and to cause cardiac nutrient deficiency, hypoxia, acidosis and necrosis. It is 

expected that these processes will continue to damage the tissue during the cold 

storage period. Finally, these already stressed, hypertrophic hearts, were stored in 

a St. Thomas solution 2, a hypooncotic solution that promotes the influx of water 

through the endothelial layer into the intracellular space; this causes a further 

risk of cardiac edema36,37. A more complex composed cardioplegic solutions like 

Figure 12 Timeline of process-dependent physiological changes during PhysioHeart™ experiments.

Custodiol38, Somah39, Celsior40,41 or UWS41, could be of favor during hypothermic 

storage of slaughterhouse hearts. However, the use of a more complex solution 

also requires a careful consideration of price and advantages, which are currently 

under evaluation.

Therefore, the here above described ‘slaughterhouse-associated’ adverse effects 

should not be ignored when comparing the results with the carefully removed 

heart. These effects result in an increased chance for a reduced preservation, loss 

of cardiac tissue and function of the slaughterhouse porcine hearts. Despites these 

limitations one can learn from this pig heart the following:

Biomarkers and Electrolytes

Immediately after cardiac resuscitation, an increase in potassium and magne-

sium in blood is observed. This is probably due to the washout of the cardioplegic 

solution from the coronary system. This solution, which is administered during 

harvesting, contains potassium and magnesium at 16 mmol/L to ensure cardiac 

arrest during storage. Fig. 6g illustrates this wash out on the example of magne-

sium which experiences its largest increase in the first hour.

Throughout the experiment, we observe a rise in cardiac injury markers caused 

by reperfusion injury42 and inflammatory responses of leukocytes and platelets. It 

remains speculative, but possible causes for the increasing markers may be hetero-

geneous cardioplegia delivery to the myocardium, harvest-related thrombosis, 

air emboli, and/or hypertrophic myocardium. These circumstances vary amongst 

hearts and therefore result in the observed fluctuating necrosis marker concentra-

tions43, initial cardiac outputs and pump functions of slaughterhouse-based hearts. 

Hypertrophic hearts are known to be more vulnerable to ischemia and reperfu-

sion injury44 due to dilated epicardial coronaries, reduced capillary density and 

vascular dilatation reserve, which reduces the diffusion of nutrients and oxygen45 

and could potentially negatively influence the cardiac arrest. The presence of 

dilated, hyperemic coronaries in beating pig hearts revived in the PhysioHeart™ 

platform has been recently confirmed by Schampaert, van ‘t Veer21 who associ-

ated the hyperemia to an endothelial response to the organ harvest and prepara-

tion. However, whether the hyperemic circulation is related to these preparation 

processes or a hypertrophy-related impairment to pharmacological and physio-

logical stimulation, as other works suggest46,47, is still not fully understood.

The acidic environment during cardiac storage reduced the pH of the blood pool 

after cardiac resuscitation. The pH balancing with sodium bicarbonate led to an 

increase of sodium and reduction of ionized calcium48 which was then counter 
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balanced with calcium chloride administration resulting in constant rise of sodium 

and chloride in the blood. Besides these processes, the revived hearts showed 

a physiological aerobic cardiac metabolism, supported by free fatty acid uptake 

and lactate as well as glucose metabolism similar to previous reports40, 49-51. The 

constant rise of ammonia also confirms an amino acid catabolism. 

However, as the cardiac hemoperfusion progresses, essential cardiac nutrients like 

free fatty acids decrease and toxic waste products like ammonia increase; this is 

known to cause edema and to disturb oxidative phosphorylation in the mitochon-

dria.52 This could explain the increasing lactate values and gain of heart weight of 

more than 20% at the end of the experiments. 

The rise of plasma free hemoglobin in our study was not significant. However, 

in only one experiment free hemoglobin passed 0.08 mmol/L, which occurred 

already from the beginning of the experiment. That could have resulted from 

pre-experimental blood handling. We identified the centrifugal pump as the 

source with the highest risk to induce hemolysis. Finally, the static concentrations 

of albumin, triglycerides, urea, creatinine, calcitriol but also potassium exclude the 

possibility that the rise of electrolytes could arise from evaporation of free water 

in our system.

Epicardial electrical activity during the working mode

Electrical measurements showed physiological electrical activities of hearts 

revived in the PhysioHeart™ platform and during the working mode. This can be 

appreciated in the activation patterns presented in Fig. 10 and Fig. 11, which show 

unaltered electrical conduction pathways with no observable conduction block or 

ischemic effects in the areas of interest. Also, WPV restitution (i.e. a decrease in 

wave propagation velocity as the pacing frequency is increased) was observed and 

presented in Table 2. The analysis of restitution effects is central in the early detec-

tion of arrhythmia and in testing anti-arrhythmic drugs and devices; consequently, 

observing restitution effects in the PhysioHeart™ platform enables its use to inves-

tigate these phenomena within the scope of normothermic perfusion.

Although normal physiological behavior was observed during the working mode, 

all PhysioHeart™ experiments showed abnormally high sodium, potassium and 

ionized calcium concentrations in blood. These concentrations increased as the 

experiment progressed, this is evident from Fig. 6. The abnormally high sodium 

concentration translated, as observed in Table 2 and as supported by previous 

research53, in high wave propagation velocity. Abnormally fast depolarization 

waves could induce arrhythmias because they may cause re-entrant waves or 

conduction block. High ionized calcium concentration in blood has also been shown 

to be related to longer action potentials54 and abnormal membrane excitability53. 

Also, the observed hyperkalemia is known to cause elevated resting membrane 

potentials and reduced cellular excitability55 and, consequently, arrhythmia such 

as atrial fibrillation or ventricular tachycardia. The use of insulin in our experi-

ments may have support these effects as insulin leads to a dose-dependent influx 

of potassium into the cells.56 This last fact was also evident because, in some 

experiments, stimulation protocols induced arrhythmias when pacing higher than 

sinus rhythm. 

These observations put in evidence the importance of, simultaneously, monitoring 

the ion concentrations in blood and the electrophysiological activity of the cardiac 

tissue. In particular, the use of electrode grids within normothermic perfusion 

platforms could enable the detection of localized ischemia and abnormal conduc-

tion patterns that could result in arrhythmia during transport. Moreover, the 

monitoring of the ion concentrations in blood would also enable to determine the 

causes of any unphysiological electrical behavior, which can result in fast action to 

prevent the decreased performance of the heart.

Achieving normal cardiac physiology during ex-vivo slaughterhouse heart 

perfusion

The PhysioHeart™ platform, with its starling resistor as preload and a standard 

four-element Windkessel model as afterload, generates flow patterns and pressure 

curves in the revived slaughterhouse hearts that are similar to those measured 

in humans15. For an average of 3 hours, physiological and morphological cardiac 

characteristics, with normal electrical and metabolic activities, can be obtained 

without any corrective measures. Although not all blood values are physiolog-

ical prior and during reperfusion, isolated beating slaughterhouse porcine hearts 

seem to tolerate these pathologies for a limited period. Therefore, it is inferred 

that the isolated working normothermic heart can be used as a baseline model to 

study cardiac intervention methods (LVADs, TAVI valve replacements, etc.).

These interventions may be unloading, moderate hypothermia, filtration of 

plasma for inflammatory components and metabolic waste, addition of nutrients 

and protective drugs. In view of ethical constraints regarding use of animals for 

short-term and uncertain-outcome experiments, the platform provides several 

benefits including availability, low cost, and no ethical objections. 

In view of improved and prolonged preservation of the PhysioHeart™ model is 

the mitigation of the immune response of the pig blood. This can be achieved by 

separating lymphocytes and platelets, to obtain platelet and lymphocyte-poor 

blood in combination with administering inflammatory and autoimmune 
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depressing drugs (i.e. dexamethasone, prednisone). The use of antibiotics and 

fungistatic medication would further serve to avoid infections. In addition, 

including anti-arrhythmic drugs in the platform will help mitigate the effects of 

high electrolyte concentrations in blood and, consequently, extend the time in 

the working mode.

We have identified that the PhyioHeart™ lacks hepatological and nephrological 

clearances and substance supplementations. In the upcoming future, the blood 

perfusate should be kept physiological and renewed constantly to maintain 

metabolomics and proteomic profiles and to remove toxins either with dialysis, 

new platelet-poor plasma52 or a similar complex medium (i.e. HCO3, HEPES, inor-

ganic salts, amino acids, carbohydrates, fatty acids, lipids, vitamins (Cernevit), 

trace elements, colloids and hormones for vasodilation like Milrinone). Dialysis 

and hemofiltration may be helpful by removing excess water, toxins and stabilizing 

the electrolyte and ion balance as the periods of arrhythmia observed in the Phys-

ioHeart™ experiments were associated with high ion concentrations. Finally, these 

attempts are assumed to attenuate the loss of cardiac function in the platform and 

would lead to more standardized and improved experimentation.

Limitations of the current PhysioHeart™ experiments

Despite low animal costs, big animal isolated heart experiments remain costly. 

Therefore, the scope of this study was rather exploratory in order to determine 

the boundary conditions and attempts needed to prolong physiological cardiac 

perfusion in our model.

All the hearts had different initial left ventricular function and electrical activity, 

which result in a ‘normal variation’ that may affect small-number experiments. 

Therefore, it is important to standardize and optimize the harvest and mounting 

procedures to avoid outlying negative performance at the start of the experiment. 

An additional limitation is that the blood pool volumes between experiments 

were not equal could have influenced blood marker concentrations; a standard 

initial volume is required to ensure consistency across experimental acquisitions. 

Additionally, the priming volume for deairing the circuit was not equal between 

experiments and, most likely, biased the baseline measurements; in future exper-

iments, the priming volume will be considered when analyzing baseline values. 

Finally, one may consider non-invasive epicardial monitoring such as echocardiog-

raphy, stress-strain imaging and speckle imaging to detect early signs of ischemia 

that may result in corrective or supporting actions. Moreover, the use of square 

grids limits the electrophysiological study to a small region of the heart; the use 

of more sophisticated electrode arrays, capable of making whole-heart measure-

ments, would enable a more comprehensive electrophysiological study. Finally, 

micro-puncture histology during and at the end of the experiments may be useful 

as a hard outcome parameter.

Table 3 Result summary

Figure Interpretation

Figure 4 -  Hypertrophic cardiomyopathy, a general observation in the use of slaughter-

house hearts (before)

-  Swelling of the cardiac tissue during reperfusion (after)

Figure 5 -  Diminishing cardiac functions, possibly due to the initiation of waste product 

intoxication, reduction of essential nutrients, ion imbalances, cardiac necrosis 

and, most likely lastly, reperfusion injury and inflammation

Figure 6 -  Hyperpotassemia (b), hypermagnesemia (g) and hyperphosphatemia(c) due 

to cardiac necrosis and washout of cardioplegia

-  Hypersodemia (a) due to sodium bicarbonate administration (pH balancing), 

while calcium chloride was administered to counterbalance the calcium 

reduction caused by bicarbonate, resulting in hypercalcemia (f) and hyper-

chloremia (e)

-  Hyperosmolarity (d) due to increase of ions

Figure 7 -  General physiological aerobic cardiac metabolism, supported by free fatty acid 

(c) uptake and lactate (b) as well as glucose (a) metabolism

-  Amino acid catabolism, confirmed by rise of ammonia (d)

-  Decrease of essential cardiac nutrients (e.g. free fatty acids) and increase of 

toxic waste products (e.g. ammonia) over time

-  Rise of lactate after 180 min signalizes ischemia and acidosis

-  Hyperuremia (e)

-  Hypercreatininemia (f)

-  Static triglycerides (g) verifies the exclusion of fluid evaporation as a cause for 

the ion increase

Figure 8 -  Hypoalbumia (a) due to blood dilution and potential cause for edema

-  Slight elevation of free hemoglobin (b) caused by the centrifugal pump

-  Hypercalcitriolemia (c)

-  Inconspicuous pH (e) and base excess(d) values and atrial oxygenation (f)

Figure 9 -  Severe cardiac necrosis possibly due to reperfusion injury and inflammation 

and, heterogeneous cardioplegia delivery in the slaughterhouse

Figure 10 & 11 - Physiological electrical activities of hearts during working mode

- Unaltered electrical conduction pathways
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Conclusion

The isolated working slaughterhouse heart is a practical (e.g. abundant numbers, 

no need to specifically sacrificed laboratory animals, no ethical approval of study 

protocols, etc.) and cost-efficient model to perform investigative and therapeutic 

experiments. This study was meant to identify factors limiting these experiments 

of isolated slaughterhouse porcine heart in the PhysioHeart™ perfusion model. 

Our findings confirm the viability and function loss of the isolated slaughterhouse 

hearts are best described by the phenomenon of “time-dependent multi-organ” 

failure. The blood parameters, biochemical and electrophysiological changes 

observed in the PhysioHeart™ platform provide a better understanding of the 

necessary effort to overcome the challenges. Diligent and strictly protocolized 

harvesting and installation will reduce variation at the start of the PhysioHeart™ 

platform experiment. This study identified several mechanisms and provided 

explanations of the potential sources which limit the ex vivo cardiac viability and 

perfusion time which in turn could be corrected. Perfusate renewal and clearance 

has been recognized as crucial for prolonged cardiac perfusion in the Physio-

Heart™ model which could be of potential interest for other heart platforms.
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Abstract

The inability to discern between pathology and physiological variability is a key 

issue in cardiac electrophysiology since this prevents the use of minimally inva-

sive acquisitions to predict early pathological behavior. The goal of this work is 

to demonstrate how experimentally calibrated populations of models (ePoM) 

may be employed to inform which cellular-level pathologies are responsible for 

abnormalities observed in organlevel acquisitions while accounting for intersub-

ject variability; this will be done through an exemplary computational and exper-

imental approach. Unipolar epicardial electrograms (EGM) were acquired during 

an ex vivo porcine heart experiment. A population of the Ten Tusscher 2006 model 

was calibrated to activation–recovery intervals (ARI), measured from the electro-

grams, at three representative times. The distributions of the parameters from the 

resulting calibrated populations were compared to reveal statistically significant 

pathological variations. Activation–recovery interval reduction was observed in 

the experiments, and the comparison of the calibrated populations of models 

suggested a reduced L-type calcium conductance and a high extra-cellular potas-

sium concentration as the most probable causes for the abnormal electrograms. 

This behavior was consistent with a reduction in the cardiac output (CO) and 

was confirmed by other experimental measurements. A proof of concept method 

to infer cellular pathologies by means of organ-level acquisitions is presented, 

allowing for an earlier detection of pathology than would be possible with current 

methods. This novel method that uses mathematical models as a tool for formu-

lating hypotheses regarding the cellular causes of observed organ-level behaviors, 

while accounting for physiological variability has been unexplored.

Introduction

Ex vivo beating heart experiments allow a porcine heart to be investigated 

under working conditions that are closer to those found in vivo when 

compared to other ex vivo preparations, like Langendorff1. Namely, the 

heart perfuses the coronary system itself, the blood flows in the natural direction, 

the heart regains sinus rhythm, and adjustable pre- and after-load containers 

mimic the systemic and pulmonary circulations2. Consequently, these experi-

ments, like the PhysioHeart™ platform1 (LifeTec Group,Eindhoven, The Nether-

lands), have been used as a model to test medical devices destined to treat heart 

failure2,3. Given their resemblance to in vivo physiology, ex vivo beating heart 

platforms have the potential to become benchmarks for early stage drug trials 

(e.g., cardiotoxicity). However, there are still unknown physiological processes 

that cause the hearts to fail during the experiments; these usually end with an 

abrupt drop in cardiac output (CO), an inability of the heart to perfuse its own 

coronary system, and a loss of myocardial contractility. The time at which this 

end point is reached is, at the moment, unpredictable because it varies depending 

on the condition of the heart upon arrival to the laboratory and on the experi-

mental protocol. Understanding the causes for the drop in cardiac performance 

is essential if these platforms will be used for translational work. Consequently, 

novel monitoring techniques are required to assess the physiology of the porcine 

hearts during the working mode; these novel monitoring methods would enable 

the design of feedback protocols that would delay the end point and enhance 

reproducibility and clinical translatability. Additionally, understanding the causes 

for heart failure during the experiments would also provide insight on the onset 

and evolution of this disease.

The hypothesis explored in this work is that the analysis of individual cell 

biomarkers, and in particular electrophysiological features, could signal high 

risk of pathology at an early stage within these experiments. Then, it would be 

possible to intervene in the platform and solve the issue that would cause the 

heart to fail. The main challenge is that, because of experimental limitations, 

beating heart platforms preclude the use of cellular explorations like optocardiog-

raphy4 or monophasic action potential (AP) mapping, so less invasive acquisitions 

and surrogate measurements for action potential features must be implemented. 

However, a limitation of a surrogate approach is the need to establish whether 

the observations are a signature of pathological behavior or a manifestation of 

the normal physiological variation known as inter or intrasubject variability. This 

paper addresses these limitations with a combined experimental and computa-

tional approach.
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The understanding of how cardiomyocytes behave has immensely benefited from 

electrophysiology mathematical models, which allow researchers to explore ques-

tions that would be impossible to test on human subjects or in ex vivo experiments 

because of technological limitations. In silico approaches, such as the pseudo-ECG5 

and the in-silico ischemia6 studies, have been employed to simulate physiology 

and pathology in order to elucidate how cellular processes and behavior affect 

organ acquisitions. The inverse problem, however, is much more complicated 

since it is both ill-posed and highly sensitive to intersubject variability7. An addi-

tional complication is that models for cardiac electrophysiology are based mainly 

on averaged responses which represent the most common case; a consequential 

limitation is that, in their existing form, model predictions cannot discriminate 

pathological behavior from normal physiological variability8. Notwithstanding, 

“experimentally calibrated populations of models” (ePoM)9–12 is a promising 

recent development that includes the effects of variability in the model param-

eters. However, statistical tools are still needed to interpret the myriad of action 

potential trajectories contained within a population of models in order to ascer-

tain whether a particular biomarker is representative of a diseased state.

The main goal of this paper is to present a proof of concept for a novel technique 

on the application of mathematical models, through the statistical treatment of 

ePoMs, to elucidate the cellular causes for pathological behaviors observed in 

organ-scale acquisitions and to understand the role of variability in the detection 

of pathology. The method is useful when analyzing experimental data, because it 

produces cellular-level information that would be impossible to acquire without 

compromising the clinical translatability of the experiment. This proof of concept 

was applied, as an exemplary case, to deduce the cellular origins to CO reduction 

observed in a PhysioHeart™ experiment.

Materials and Methods

Experimental Acquisitions

The data reported in this paper were acquired during one PhysioHeart™ LifeTec 

Group, (Eindhoven, The Netherlands) experiment where the porcine heart was 

paced at 600 ms intervals. During the experiment, pressures, flows, and blood 

samples were assessed as routinely done in PhysioHeart™ experiments1,2. In the 

present study, it was hypothesized that an analysis of the electrical activity of the 

heart could provide a better understanding of the evolution of pathologies within 

the heart itself when compared to the aforementioned acquisitions, in particular 

through the application of populations of cardiac electrophysiology models as a 

means to elucidate the cellular causes for the observed pathological behavior. To 

test this hypothesis, left ventricular unipolar epicardial electrograms (EGM) were 

acquired by means of a custom-made square grid of 121 electrodes. Recordings 

were made, simultaneously, by all electrodes at three time points: 90 (time point 

1, baseline), 120 (time point 2, midpoint), and 150 (time point 2, end point) min 

into the start of the working mode. The porcine heart reported in this paper was 

harvested from a pig slaughtered for human consumption by personnel from the 

abattoir. Immediately after the animal was slaughtered the heart was harvested, 

after which the animal was closed again to continue the normal slaughterhouse 

process. The protocols for the harvest were developed in accordance with EC regu-

lation 1774/2002, as supervised by the Dutch Ministry of Agriculture, Nature and 

Food Quality, and approved by the Food and Consumer Product Safety Authority. 

The harvesting of the heart was overseen by a veterinarian from the Dutch Food 

and Consumer Safety Department, thus ensuring that the animal was still suit-

able for human consumption afterwards. The inclusion criteria for the pigs and 

the full harvesting process were described in previous works1. Ethics approval for 

the study protocol was not required by the authors’ institutional guidelines and 

national laws and regulations. 

Population of Models

The Ten Tusscher and Panfilov 2006 model (TP06) for ventricular myocytes13,14 is 

adopted here to simulate the electrical behavior of the cardiac cells. In short, each 

equation in the model emulates a mechanism through which the cardiac myocyte 

absorbs, or releases a given ion and the parameter of each equation controls the 

expression of that mechanism. For instance, the equation for I
Na

 has been designed 

to reproduce the initial fast sodium intake that produces the fast depolariza-

tion of the cell and the parameter G
Na

 regulates the maximum amplitude of I
Na

; 

consequently, an elevated G
Na

 will produce a larger and faster initial upstroke in 

the action potential and as G
Na

 approaches zero the initial depolarization phase 

will disappear. A thorough description about the physiological meaning of all 

the model’s equations and parameters can be consulted in the original research 

paper14. The TP06 provides a mathematical description of the main ionic currents 

that are involved in AP genesis and has been thoroughly validated in the literature; 

for this reason, the TP06 model remains widely used for a variety of novel appli-

cations6,15,16 including population-based studies17. A full discussion about the use, 

validity, and limitations of the TP06 for this study will be described later on. The 

general contention in every study involving populations of cardiac electrophys-

iology models is that action potential variability is a consequence of changes in 

the magnitude of the ionic currents that produce the AP, as opposed to a change in 

their underlying dynamics8. Therefore, a population of models (PoM) was gener-

ated here by varying all the peak conductances and maximal currents in the TP06 

model, these parameters are listed in the literature14. The space of parameters 
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available to produce variations of the TP06 model is generated by multiplying 

the normal value of each parameter by N linearly spaced factors k
i
 (i ∈[1; N]), of 

between 0 and 2, given by

k
i
 = i * 2/N (1)

The use of these multiplying factors has previously been shown to capture both 

reduction and over-expression of the model parameters12.

The parameter sampling space takes the form

 (2)

from which one model is generated by selecting a value from each column and 

solving the TP06 equations with the selected parameters. Models were obtained 

from the sampling space using Latin hypercube sampling (LHS), a method that 

ensures that all the values from the parameter space are represented18. Consis-

tent with previous PoM studies19, a total of N=15,000 samples were selected 

to construct the population of models. Models were solved with 600 ms cycle 

length and the PoM was the collection of the steady-state responses of the models 

selected by LHS. Models that produced physiologically impossible responses 

were excluded from the PoM by the following criteria: (1) action potential dura-

tion (APD90) ∉ [100; 400] ms, (2) V
max

<0, (3) V
rest

>-64 mV, (4) upstroke time 

exceeding 10 ms.

Calibration of the Population of Models

Activation–recovery intervals (ARI) were measured from the EGMs through 

custom-made computer routines as suggested by Coronel et al.20 Namely, the 

activation time was measured as the time instant when the derivative of the EGM 

was minimal during the QRS complex and the recovery time as the time instant 

when the derivative was maximal during the T wave. Then, the ARI was the time 

difference between the activation and recovery moments. The ARI measurement 

is exemplified, for a single beat, in Fig. 1. Haws and Lux21 and Potse et al22. have 

previously shown that the ARI is an adequate surrogate measurement for action 

potential duration at 90% repolarization (APD90). Hence, it can be argued that a 

model from the PoM reproduces the physiology of the myocytes observed in the 

experiment if its APD90 is similar to the ARI measured from the EGMs. 

The process of finding all the models from the PoM that correspond to a given 

ARI is called “experimental calibration,” and the population that contains all these 

models is called ePoM. In this study, the PoM was calibrated to each channel, at 

each time point, by selecting all the models from the PoM that had APD90 in the 

range lARI6rARI of that channel, at that time point. Here, lARI was the mean value 

of the ARIs measured at a given channel and time point, and rARI their standard 

deviation. An example of the calibration process can be observed in Fig. 2. 

Figure 1 Example of ARI measurement.

The image shows a typical beat (positive deflection), its derivative (negative deflection, scaled for clarity), 

its activation time (vertical line on the left), and recovery time (vertical line on the right).

Figure 2 Example of experimental calibration. 

The figure shows the full population of TP06 models and, highlighted, the ePoM corresponding to ARIs in 

the range [220,250] ms.
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Then, each channel, at each time point, was represented by a collection of models 

(an ePoM) that were, potentially, representative of the behavior observed in the 

EGM. Each ePoM is characterized by the statistical distribution of the parameters 

Figure 4 Histograms showing the 

distribution of ARIs at the three 

time points of the experiment: (a) 

time point 1, (b) time point 2, and 

(c) time point 3

Results

The mean CO was 3.8 L/min in average at the beginning of the acquisitions (90 

min into the start of the working mode) and remained stable until the second time 

point (30 min later). Nevertheless, there was a noticeable decrease in CO, to 2.6 L/

min, when the third measurement was taken (30 min after the second measure-

ment), signaling the end point of the experiment. Figure 4 shows the histograms 

of all the ARIs measured at each time point on the whole grid. Figure 4(a) shows 

the ARIs clustered around 260 ms and with less than 20 ms (7%) deviation in 

the first acquisition. Assuming that the activation is fast and homogeneous, this 

is the expected physiological behavior. This result, together with the CO at this 

time, supported the choice of this time point as the healthy benchmark to which 

the subsequent acquisitions were compared. In Fig. 4(b), one can observe ARIs 

below 240 ms and in Fig. 4(c) ARIs with values as low as 100 ms were recorded. It 

is this pathological reduction in ARI that was investigated through the comparison 

of the ePoMs. The main results of the statistical analysis are tabulated in Table 1, 

which gives the number of channels that showed a statistically significant differ-

ence, with respect to the baseline measurement, for each of the parameters. The 

main highlight is that over half of the channels showed a significant difference in 

the L-type calcium conductance at time point 2, and this number increased above 

two-thirds at time point 3.

Table 1 Number of channels showing a statistically significant difference, with respect to the baseline 

measurement, in the parameters of their ePoM.

Parameter Comparing 1-2 Comparing 1-3

G
Na

0 0

G
to

0 1

G
Ks

6 11

G
Kr

11 14

G
k1

0 0

P
NaK

2 2

G
CaL

61 85

k
NaCa

0 0

G
pCa

3 5

G
pK

0 0

G
bNa

0 0

G
bCa

0 0

Figure 5 shows the boxplots of the parameter distributions of the three ePoMs, 

one for each time point, for a representative channel. It shows that the median 

value of GCaL decreased dramatically as the experiment progressed in time. Also, 

the main repolarizing potassium-related conductances (i.e., GKs, GKr, and GK1) 

Figure 3 Flowchart summarizing the proposed methodology. 

Here, N515,000 samples to be taken using LHS, K53 time points at which the experimental acquisitions 

were made and C5121 electrodes in the grid.

of the models contained within it. The distri-

bution of a given parameter from a “healthy” 

ePoM and that of the same parameter from a 

“pathological” ePoM were compared by means 

of a Mann–Whitney–Wilcoxon (MWW) U-Test23. 

Then, if there was a statistically significant differ-

ence (q ≤ 0.001), the parameter responsible for 
the pathology was identified. ePoMs were only 

compared between those calibrated to the same 

channel at different times of the experiment; this 

was to identify spatial differences. The process 

described in this section may be summarized by 

the flowchart presented in Fig. 3, where one can 

observe how the different methods previously 

explained come together in a single algorithm 

for the analysis of experimental data through 

populations of models. The diagram begins with 

the use of the TP06 model to generate a PoM; 

the parameters to be used are selected from the 

space of possible parameters using LHS. The 

resulting population is then calibrated to ARI 

measured from experimentally acquired leftven-

tricular EGM; this results in an ePoM per channel, 

per time point. The ePoMs calibrated at different 

time instants, on the same channel, are compared 

using a MWW-U test.
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were above their standard value from the beginning of the experiment. Given the 

above, the statistical analysis points toward a generalized blockage in calcium 

uptake through L-type channels and elevated, but unchanging, potassium conduc-

tances as the most likely causes for the reduction in ARI. Finally, the analyses from 

the blood samples, taken one at each time point, revealed increasing calcium and 

sodium concentrations as the experiment progressed and a high, but constant, 

potassium concentration throughout the working mode.

Discussion

Suitability of the TP06 for this Study

It is important to highlight that this paper focuses on the development of a proof 

of concept and novel methodological approach to underpin cellular behaviors that 

are responsible for observations made in organlevel acquisitions. Although TP06 

is a model for human ventricular myocytes, it is our contention that in this light, 

its use to model the electrical activity of swine myocytes is appropriate. Various 

studies have shown that pigs have heart rates, hemodynamics, electrocardio-

graphic and electrophysiological parameters that are comparable, and closer than 

any nonprimate animal, to humans24–26. The interspecies differences in ion current 

Figure 5 Experimentally calibrated populations of models parameter distributions for a representative 

channel (channel 6) at the three time points. Horizontal dashed lines are the standard values of the 

parameters from the original TP06 model14. G
x
 are in nS/pF and P

nak
 and k

naca 
are in pA/pF.

magnitudes were accounted for in the generation of the PoM; this is because a 

change in a peak current or maximal conductance parameter will produce an 

equivalent change in the current magnitude. It is also noteworthy that each model 

in the PoM was generated using a unique set of parameters that models a physio-

logical or pathological state (e.g., a low conductance value simulates a conduction 

block). LHS guarantees that all the parameters are fully represented and, conse-

quently, the PoM comprises of all possible physiological and pathological behav-

iors of the cellular membrane within the range of variation presented before. 

Activation–Recovery Intervals Is a Predictive Biomarker

It was clearly evident that the CO was not capable of predicting the onset of 

pathology during this experiment. This follows from the abruptness observed 

in the drop of the CO. The porcine heart was able to maintain a stable output 

of around 3.8 L/min for over 2 h of experiment, which suddenly ended with a 

decrease in performance; this phenomenon has been observed in previous Phys-

ioHeart™ experiments. It should be noted that the reduction in cardiac output, 

observed at the third time point, would have produced ischemia due to poor coro-

nary perfusion, and together with hyperkalemia it can explain the abrupt ARI 

shortening observed in Fig. 4(c); but this is only evident at the end of the experi-

ment and it has little predictive value. On the other hand, a strong indication that 

the condition of the membrane is degrading may be observed in the decreased 

mode and increased dispersion in the values of the ARIs measured at the second 

time point, presented in Fig. 4(b); this is important because at this point the CO 

was still considered normal, so the ARIs can serve as predictive markers of an 

eventual decrease in cardiac output.

Population of Models Analysis

Previous studies have shown that APD90 shortening can be a consequence of 

impaired calcium, potassium, or sodium uptake and release27; since the measure-

ment of ion transients is difficult, requiring specialized equipment, a mathematical 

modeling approach, exemplified by the one implemented here, seems to provide 

an excellent tool to explore cause–effect relationships and to help elucidating these 

dynamics, avoiding the need to modify the experimental setup. The results indi-

cate that half of the monitored sites in the membrane were, at time point 2, being 

affected by a reduction in calcium uptake via L-type channels. This behavior then 

spread to more sites of the membrane and was accentuated, as can be observed 

from the results shown for time point 3, and was accompanied by a dramatic 

reduction in CO. These results appear consistent with those of previous simula-

tions by others12,27,28, showing that a blockage to L-type calcium current causes 

APD 90 shortening. Additionally, the L-type channels are one of the main paths by 
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which myocytes obtain calcium, which is needed to activate contraction; hence, an 

increase in L-type calcium channel resistance could lead to reduction in contractility, 

which was observed in the experiment. Furthermore, a reduction in L-type calcium 

conductance would mean that the cells are absorbing less calcium from the envi-

ronment than in the healthy condition, but the calcium release channels remained 

unaffected; this would have caused an increase in extracellular calcium; indeed, 

the experimental measurements showed an increase in ionized calcium concen-

tration in blood. The ePoM analysis is also sensitive to the constant, although high, 

potassium concentration in blood, which was around 1.5 times the lower control 

level (i.e., 5.4 mmol/L). The formulation for the rapid delayed rectifier potassium 

current, in the TP06 model, is where one can observe that IKr is directly propor-

tional to the square root of the external potassium concentration13. The observed 

increase in extra-cellular potassium would affect Ikr equivalently to multiplying the 

standard value of Gkr by 1.22. Indeed, the median value of Gkr in the ePoM anal-

ysis was, as shown in Fig. 5, 1.3 times its standard value. Then, one can potentially 

conclude that most of the variation in Gkr can be accounted for by the elevated 

extracellular potassium concentration, an equivalent analysis can be made for IK1 

and IKs. Since the three currents were equally affected, the results observed in Fig. 

5 are an indication of elevated extracellular potassium concentration.

 (3)

Intrasubject Variability in Experimental Acquisitions

Observe that the boxplots presented in Fig. 5 show that there was an overlap in 

the values of the ePoM conductances at all times of the experiment; this implies 

that healthy ion channels can be present at the end point, as well as fully blocked 

channels during the working mode. This is a typical case of intrasubject vari-

ability; a thorough analysis was needed to understand what the underlying causes 

of the observed reduction in ARIs were. The use of ePoM and their subsequent 

statistical treatment, explained in this paper, gave the means to distinguish the 

underlying pathological process (i.e., reduced GCaL and high extracellular potas-

sium) that was producing the observed reduction in ARI. This predictive effect 

can be regarded as a consequence of the calibration process, exemplified in Fig. 

2, during which many AP morphologies can be fitted to a relatively small range 

of ARIs; then, the statistical analysis of the ePoMs will only signal a pathological 

behavior when the majority of the fitted models contain a value for a conductance 

that significantly deviates from what is considered healthy. The method presented 

in this paper was capable of distinguishing pathology, at an early stage, in an envi-

ronment where inter and intrasubject variability may have otherwise confused an 

expert eye. Also, the experimental acquisitions support the ePoM analysis, with 

the caveat that myocyte contractility and blood samples can only be analyzed after 

the experiment is over, whereas this ePoM methodology can be applied as soon 

as the acquisitions are made. Then, the observation of the ARIs provides a means 

to predict the reduction in cardiac output, and their analysis, through ePoM, is a 

powerful tool to understand the causes of this reduction during the experiment. 

This is a significant improvement compared to the methods currently used to 

monitor these ex vivo experiments1–3.

Versatility of the Experimentally Calibrated Populations of Models Analysis

The flowchart presented in Fig. 3 also serves to show the modularity of the 

proposed method. Its different components may be replaced to suit any particular 

study. For instance, if a particular experiment can perform optical mapping, then 

the calibration process can be made using several biomarkers, as opposed to a 

single surrogate, but the process of generating the population remains unchanged. 

On the other hand, if recent developments produce a more advanced mathemat-

ical model, then the PoM can be generated again, but without having to modify 

the routines that calibrate it to the experimental data. This versatility is a major 

advantage of the methodology presented in this work. The use of this method 

in the analysis of ex vivo experiments could provide the means to enhance our 

understanding of the cellular causes for chronic cardiac pathologies, like heart 

failure. Furthermore, this understanding would also provide the tools required 

to design more effective, patient-specific therapies that target the cellular causes 

for pathology within individual patients. The use of the method presented in this 

work to expand limited experimental data is an advancement in the design of 

minimally invasive diagnostic techniques for the assessment of cardiac pathology.

Limitations

The method presented in this paper as a proof of concept has yielded promising 

results and it demonstrates a strong approach to the analysis of limited experi-

mental data; it can reach relevant conclusions and minimize the need of computa-

tional resources. Nevertheless, there are a number of limitations associated with 

this approach. Differences in ion concentrations observed at different times of the 

experiment were not included when generating the population of models and the 

vast parameter sampling space (15,00012 possibilities) was not entirely simu-

lated. However, in order to do this, a population of models with each of the partic-

ular ion concentration combinations and containing all of the parameter combina-

tions (that is 315,00012 models) should have been generated, which would have 

rendered this methodology computationally intractable. Nevertheless, the vari-

ability captured in the PoM is able to account for the changes in ion concentrations 
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without having to generate three sets of populations of models, and Latin hyper-

cube sampling was used since it was designed to capture variability, optimally, in 

such a large sampling space18. Generating and calibrating the PoM as explained in 

this paper dramatically reduces the number of simulations needed; this approach 

is supported by various, successful, studies involving populations of cardiac elec-

trophysiology models12,17,19. Also, only ARIs were used to assess the electrophysio-

logical state of the heart. While it would have been far more desirable to do optical 

mapping or transmembrane potential measurements, the technical difficulties of 

these acquisitions make them incompatible with an implementation in the Phys-

ioHeart™ platform and impossible to use in patients. On the other hand, epicardial 

electrograms can be measured without compromising the experiment and nonin-

vasively in patients, using ECGi29, which makes ARI an appropriate substitute 

biomarker. The main challenge in using this single surrogate measurement is that 

different AP morphologies can result in the same APD90. Intersubject variability 

is responsible for this, which is why only statistically significant differences are 

regarded as real changes in cellular behavior.

Conclusions

This paper has presented a novel methodology, based on the statistical analysis of 

experimentally calibrated populations of models, that can be used to understand 

the cellular causes for pathological behavior observed in organ-level acquisitions. 

Notwithstanding its limitations, this proof-of-concept method proved to be a 

powerful tool to investigate cellular behaviors from organlevel acquisitions. The 

chief advantage of this ePoM approach is, arguably, the ability to detect patholog-

ical behavior while still accounting for inter and intrasubject variability. Another 

advantage of the proposed method is that it can be seamlessly adapted to the avail-

able acquisitions; the population of models only needs to be constructed once and 

can be calibrated to any, or several, surrogate measurements of action potential 

biomarkers. This methodology was used to identify the pathological ion dynamics 

that might have led to the reduced performance of a porcine heart during a Phys-

ioHeart™ experiment and these were identified before there was an evident 

reduction in cardiac output; these findings were confirmed by blood samples and 

contractility analyses made during the same experiment. The use of this statistical 

approach gave the means to understand the pathological variations that produced 

reduced cardiac performance during the experiment and it could be used as 

support in future studies involving drug action. Applying this combined computa-

tional and experimental methodology could be an important step forward in the 

noninvasive assessment of cardiac diseases and in the design of patient-specific 

therapies to stop the evolution of chronic cardiac maladies.
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Abstract

Isolated hearts offer the opportunity to evaluate heart function, treatments and 

diagnostic tools without in vivo factor interference. However, edema and early loss 

of cardiac function occur over time and do limit the duration of the experiment. 

This research focuses on delaying these limitations by means of optimal blood 

control. This study examines whether blood conditioning by means of the combi-

nation of blood predilution and hemodialysis can significantly reduce the cardiac 

function degradation.

Slaughterhouse porcine hearts were revived in the PhysioHeart™ platform to 

restore physiological cardiac performance. Twelve hearts were divided into a 

control group (CG) and a dialysis group (DG), in the latter group hemodialysis was 

attached to blood reservoir. Cardiac hemodynamics and blood parameters were 

recorded and evaluated.

Blood conditioning significantly reduced the loss of cardiac pump function (CG 

vs. DG, -14.9±6.3%/h vs -9.7±2.7%/h) and loss of cardiac output (CG vs. DG, 

-11.8±3.4%/h vs -5.9±2.0%/h). Hemodialysis resulted in physiological and stable 

blood parameters, whereas in the CG ions reached pathological values, while 

interstitial edema still occurred.

The combination of blood predilution and hemodialysis significantly attenuated ex 

vivo cardiac function degradation and delayed the loss of cardiac hemodynamics. 

We hypothesized that besides electrolyte and metabolic control, the hemodialy-

sis-accompanied increase in hematocrit resulted in improved oxygen transport. 

This could have temporarily compensated the deleterious effect of an increased 

oxygen-diffusion distance due to edema in the DG and resulted in less progres-

sion of cell decay. Clinically validated measures delaying edema might improve the 

effectiveness of the PhysioHeart™ platform.

Introduction

I
solated normothermic cardiac hemoperfusion gaining interest in the preclin-

ical environment to study device and treatment interactions with cardiac tissue. 

This method of keeping hearts viable and beating outside the body bridges the 

gap between in vitro and in vivo testing. It offers the opportunity to investigate 

essential cardiac characteristics, for instance the study of cardiac metabolism and 

hemodynamics, as these hearts are not affected by various in vivo factors such as 

nervous response and humoral influences. Consequently, ex vivo hearts provide 

a better reproducibility and better access opportunities for the carrying out of 

numerous techniques, e.g. for the mapping of conduction and waveforms1, visu-

alization of transcatheter aortic valve implantation2, myocardial perfusion with 

computer tomography3, 4D flow analysis with magnetic resonance imaging4, coro-

nary blood flow5 and the assessment of artificial organs like left ventricular assist 

devices6-8.

Hearts from slaughterhouse animals have several advantages; they are widely 

available, relatively inexpensive, engender virtually no ethical objections and 

reduce the requirement for laboratory animals9. Their limitations such as dimin-

ishing contractility and formation of edema are similar to those of ex vivo hearts 

obtained from lab animals and humans10,11. However, due to the harvesting 

circumstances (i.e. electrical stunning and the related muscle contractions under 

hypoxia, cardiac transport, etc.) prior revival in the extracorporeal circuit, the use 

of slaughterhouse hearts entail ’slaughterhouse-associated’ adverse effects on 

the heart and blood. In addition, the transportation of porcine blood, needed for 

revival and operation, is associated with hypoglycemia, hyperlactatemia, hyper-

ammonemia, hyperpotassemia, acidosis and elevated creatinine levels which have 

a similar pathology to epileptic seizures12-15. These effects can reduce contractility 

and cause edema formation. Plasma cross circulation16,17, hemofiltration18 and 

hemodialysis19,20 have been applied during ex vivo normothermic cardiac perfu-

sion to keep the metabolic homeostasis. However, until today the direct effect of 

blood conditioning to delay the ex vivo hemoperfused heart function has not yet 

been shown.

We envision that the combination of blood predilution and hemodialysis can 

normalize the slaughterhouse-associated blood changes and improves the dura-

tion and hemodynamic stability of the short-term experiments with cardiac device 

in our slaughterhouse model.
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Methods

Animals

Twelve hearts harvested from Dutch Landrace Hybrid pigs (approx. 110 kg) that 

were slaughtered for human consumption were separated into two groups. The 

control group (CG, n=6) and the dialysis group (DG, n=6). The protocols complied 

with EC regulations 1069/2009 regarding the use of slaughterhouse animal material 

for diagnosis and research, supervised by the Dutch Government (Dutch Ministry of 

Agriculture, Nature and Food Quality) and were approved by the associated legal 

authorities of animal welfare (Food and Consumer Product Safety Authority).

Isolation and cardioplegia administration

After electrical stunning, the pigs were hung and exsanguinated until death. A para-

sternal incision was made in the thorax and the heart and lungs were removed 

en-bloc. After removal, the hearts were immediately topologically cooled. Subse-

quently, the pericardial sac was opened, the pulmonary artery was transected below 

the bifurcation and the aorta was transected below the first supra-aortic vessel. The 

hearts were then isolated and prepared as described in previous work5. Briefly, 

immediately after removal, the aorta was cannulated and two liters of heparinized 

modified St. Thomas 2 (Table 1, 4°C) crystalloid cardioplegic solution was admin-

istered through the coronary arteries at a mean pressure of 80-100 mmHg. Warm 

ischemic time never exceeded 4 min. In the CG, blood was collected and pooled from 

the subsequently slaughtered pigs to achieve a total volume of about 10 L, whereas 

in the DG only, approx. 3 L blood from the same pig was collected and added to 0.5 

L heparinized modified Tyrode solution. The heart and blood (5000 IU/L heparin) 

were transported to the laboratory. The heart was submerged in the St. Thomas 

solution at 4°C and the blood was transported in a jerry can at room temperature 

without any additional treatment. The heart and blood were stored for two hours 

and, after one hour of storage, an additional liter of cold cardioplegic solution was 

administered to the heart and the blood was filtered through a 200 µm filter.

Table 1 Modified St. Thomas solution for crystalloid cardioplegia.

Salts Concentrations (mmol)

Sodium 130

Potassium 16

Magnesium 16

Calcium 1.2

Chloride 171.4

Procaine 1

Heparin 5000IU/L

Mounting isolated hearts onto the circuit

In the laboratory, the aorta and left atrium were attached to an ex vivo circuit, 

whilst the pulmonary artery was cannulated in order to return the venous blood 

to the reservoir and measure coronary flow. Temporary pacing leads (Medtronic 

Inc., Minneapolis, MN, USA) were placed on the right ventricle to monitor elec-

trical activity and to pace (105-125 bpm) when needed. In the CG, the perfusion 

circuit was primed with calcium enhanced saline solution and complemented with 

normothermic (38°C) heparinized oxygenated blood to achieve 6 L with a hemato-

crit of 25±1% which was supplemented with insulin (0.32 units/L). In the DG, the 

circuit was primed with 1.5 L heparinized modified Tyrode solution and supple-

mented with the slaughterhouse blood to achieve a perfusion volume of approx.  

5 L perfusion volume and a similar hematocrit value to the CG.

The hearts were then perfused in Langendorff mode to keep the mean coronary 

perfusion pressure at 100 mmHg. Within five minutes, during which time defibril-

lation was used if needed, steady contractile myocardial activity was restored. 

After a supplementary stabilization time of about 15 min, preload and afterload 

were opened to switch from Langendorff to working mode. The initial preload and 

afterload were adjusted to create a mean preload of 10–20 mmHg and a mean 

afterload of 100–110 mmHg. In this working mode, the left ventricle (LV) ejects 

the blood into the afterload. All related pressures and flows were monitored and 

kept at physiological values. The mean cardiac output and coronary flow were 

measured using two ultrasound flow probes (SonoTT™ Clamp-On Transducer, 

em-tec GmbH, Finning, Germany), after the aortic afterload and pulmonary artery. 

Figure 1 Physiological clinical scenario followed during the PhysioHeart™ experiments.

The preload (atrial pressure) was constantly kept in a physiological range (≈15mmHg mean) while the 

afterload (aortic pressure) was adjusted when the pump function of the hearts decreased to keep to the 

clinical scenario.
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After one hour, the hemodynamic parameters were then continuously monitored 

and adapted in accordance with the pump function of the heart to fit the clinical 

scenario from Schampaert, van Nunen 8 (see figure 1) 

Blood maintenance and analysis

Blood samples were withdrawn from the oxygenator before the heart was 

connected to the loop (t=0) and every 60 min after reperfusion. Gas values, 

temperature, and electrolytes were measured on site using a VetScan i-STAT 1 

(Abaxis, Union City, CA, USA). In the CG, based on the i-STAT 1 measurements, pH 

(7.40±0.05) and glucose (between 5 and 7 mmol/L) were maintained manually 

by adding sodium bicarbonate and glucose/insulin mixture (2 mmol/U). Calcium 

chloride was given to counteract the reduction of total calcium by bicarbonate. In 

the DG, the blood was automatically conditioned by a dialysis machine (AK 200™ 

ULTRA S, Gambro) which was attached to the blood reservoir. To ensure appro-

priate blood treatment, the “following treatment “parameters were set prior to 

starting: Ultrafiltration volume 0.5 L, temperature 38°C, treatment time 4 h, blood 

flow 300 ml/min, fluid flow 500 ml/min, calculated dialysis effectivity (Kt/V) 1.75, 

while the machine used a self-made dialysis concentrate. (see Table 2)

Table 2 Self-made dialysis concentrate (45x).

Additives g/L

Sodium chloride 270.87

Potassium chloride 10.06

Calcium chloride dihydrate 9.92

Magnesium chloride 4.57

Potassium hydrate monophosphate 7.96

Gacial acidic acid 8.11

Glucose 52.7

Calculations and statistics

In this study only hearts were enrolled that were in a physiologically steady 

cardiac hemodynamic state (> 3L/min total cardiac output, 10 – 20 mmHg atrial 

and 60 mmHg aortic pressure) at the beginning of the working mode. Statistically 

significant differences were determined using two-way analysis of variance. The 

paired t-test was used to compare the initial total cardiac output and heart weight 

increase between the groups. Values for dP/dt max were calculated by the 1st 

derivative of the left ventricular pressure over ten cardiac cycles using a running 

average of ten data points. A p-value < 0.05 was set as a criterion for significance. 

All values are presented as mean ± standard deviation. All tests were performed 

with the software Sigmaplot 11.0.

Results

Decline of cardiac functions over time was observed in both groups. All six hearts 

in the CG were revived and subsequently generated physiological flows and pres-

sures. One heart in the DG failed at the start of the experiment and was there-

fore excluded from the study. As shown in figures 2 and 3, we observed significant 

differences in total cardiac output and cardiac pump function between the groups 

at all time points, which were baseline-normalized.

After 240 min perfusion, the decline of the total cardiac output was significantly 

lower in DG hearts (-17.7±8.6%) than in CG hearts ( -35.4±4.2%). The loss of 

cardiac pump function was reduced in the DG (71.0±11.3%) compared to the CG 

(55.2±8.2%). The heart weight increased significantly in both groups, but there 

were no differences (p=0.86) between the groups after perfusion which lasted 240 

min in the CG (144.0±101.8 g) and 300 min in the DG (134.2±68.2 g) due to addi-

tional investigations (see figure 4). After one hour of perfusion cardiac hemody-

namics were recorded, no differences could be observed in cardiac output between 

DG and CG hearts (figure 5, CG, 5.6±1.4 L/min; DG, 4.7±1.7 L/min, p = 0.3).

In contrast, with the exception of pH, blood values differed significantly (figure 6). 

In the CG hearts, there was a wide variation in the levels of sodium (0 min vs. 240 

min, 140.3±5.5 mmol/L vs. 156.0±15.5 mmol/L, p= 0.001) and ionized calcium 

Figure 3 The total cardiac output has been 

normalized due to differences in pump function 

between the hearts at baseline. DG, long dash 

line with triangles, n=5; CG, solid line with circles, 

n=6; *** p<0.001 within the control group; ooo 

p<0.001, oo p<0.01 within the DG; +++ p<0.001, 

++ p<0.01 between groups.

Figure 2 Normalized cardiac contractility in both 

groups, DG (long dash line with triangles) and 

CG, solid line with circles; * p<0.05 within CG; o 

p<0.05 within the DG; + p<0.05 between groups.
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(0 min vs. 180 min, 1.4±0.1 mmol/L vs. 1.6±0.3 mmol/L, p=0.005), while hyper-

potassemia was present throughout the experiment time. The electrolyte values in 

the DG remained rather stable during the experiment time.

For a better result interpretation, time courses of the cardiac hemodynamic condi-

tions during the working mode are shown in table 3.

Table 3 Mean values of the cardiac hemodynamics over time. 

Pre- and afterload have been adjusted before the hourly measurements to fit the clinical scenario in figure 1.

Groups Mean atrial 

pressure 

[mmHg]

Mean  

aortic 

pressure 

[mmHg]

Mean left 

ventricular 

pressure 

[mmHg]

Mean 

 corronary 

flow 

[L/min]

Mean 

cardiac 

output 

[L/min]

BPM

T
im

e
 [

m
in

]

60
DG 10.9±4.0 82.6±15.2 54.3±4.1 1.1±0.4 4.6±1.7 107±5

CG 12.9±1.7 73.7±14 67.7±19 0.9±0.1 5.6±1.4 113±4

120
DG 14.2±5.4 82.0±11.8 54.4±6.6 1.0±0.4 5.0±1.5 116±7

CG 14.5±2.2 63.7±11.0 68.2±16.1 0.8±0.1 5.1±1.6 113±4

180
DG 15.8±3.2 78.9±7.3 53.3±5.2 0.8±0.3 4.6±1.1 116±7

CG 16.1±3.9 55.9±11.2 58.4±12.5 0.7±0.2 3.9±1.1 111±5

240
DG 16.9±1.3 80.6±11.7 54.3±9.5 0.9±0.2 4.6±0.7 123±6

CG 16.5±4.5 64.6±13.9 57.5±9.7 0.5±0.2 3.3±0.9 115±3

Discussion

This study confirms the positive effect of the combination of blood predilution and 

hemodialysis on the cardiac pump function of hemoperfused and working isolated 

slaughterhouse hearts. In our setup, this combination was shown to attenuate the 

gradual loss cardiac function due to correction of crucial electrolyte and meta-

bolic balance. The fact that one heart assigned for dialysis was lost, emphasizes 

the key role played by diligent harvesting and subsequent preservation prior to 

connecting the heart to the platform. Control of hematocrit and electrolytes was 

maintained in accordance to the action and effects of hemodialysis while the heart 

was connected to the setup.

We assumed that increased extracellular sodium accumulation (see in plasma 

Na2+ levels in CG) may be one of the factors leading to water retention around the 

myocytes thus causing edema which leads to longer diffusion distance following 

hypoxia. Additionally, this extracellular sodium results in more calcium outflux 

of the myocyte through the sodium calcium exchanger, reducing the intracellular 

calcium levels needed for contraction, resulting in a negative inotropic effect, in 

turn leading to ventricular tachycardia, arrhythmia, ventricular fibrillations and 

loss of function21. Moreover, according to the literature, arrhythmic events and 

cardiac dysfunction occur significantly more often during hyperkalemic episodes 

which can be prevented by dialysis22.

Figure 6 Blood values.

The use of hemodialysis revealed significant differences in the blood values on comparison with to manual 

blood conditioning. DG, long dash line with triangles; CG, solid line with circles; A) Sodium, B) Potassium, 

C) pH, D) Inonized calcium, D) Glucose. *** p<0.001, ** p<0.01 within the control group, +++ p<0.001, ++ 

p<0.01 between the groups.

Figure 5 Initial cardiac output.

The initial cardiac pump function of both groups 

was compared to verify the similarity of both 

groups by switching to working mode after one 

hour of reperfusion. CG (n=6), DG (n=5).

Figure 4 Heart weight increase.

The heart weight increased similarly between 

both groups which were perfused for 240 min in 

the CG and for 300 min in the DG.
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The ex vivo environment represents heart failure in a condition of multi-organ 

failure due to the absence of blood maintaining organs23. This condition causes 

accumulation of toxic metabolites, increases release of radical oxygen species and 

activates pro-inflammatory immune mediation, resulting in endothelial damage, 

edema, compromised microcirculatory system and cardiac failure. Without hemo-

dialysis, the CG hearts showed escalating ion concentrations including sodium, 

potassium and calcium, which are known to cause irregular heart rhythm. Simi-

larly, temporarily outranging glucose, pH values and hyperpotassemia were iden-

tified in the untreated group, in which high potassium is known to reduce cardiac 

function due to induction of myocyte hyperpolarization. However, despite, the 

recognized positive effect of dialysis on cardiac contractility in patients24,25, all 

isolated beating pig hearts eventually failed. Reperfusion of even well-harvested 

and well-protected hearts may induce reperfusion injury as well as an inflamma-

tory response initiated and maintained by the circuit. This phenomenon is well 

recognized and has been studied in the clinical setting for decades26.

In this context, we envision that the used predilution resulted in concentration 

reduction of leukocytes and inflammatory mediators, leading to a reduced inflam-

matory response. Consequently, this could have supported the attenuation of the 

cardiac function loss.

However, the perfusate still contains circulating innate immune cells (macro-

phages, neutrophils, mast cells, eosinophils, dendritic cells, and natural killer 

cells, etc.) which secrete proinflammatory cytokines resulting in immune-medi-

ated vascular and myocardial damage in combination with reperfusion injury. A 

next step should be to prevent or reduce blood activation, as hemodialysis is not 

effectively clearing inflammatory mediators (i.e. proinflammatory cytokines).

Therefore, additional research is necessary to identify the sources of inflammatory 

response and edema, and to consider the use of optimized leucocyte-free blood.

Conclusion

Despite the multi-causal etiology, the combination of blood predilution and hemo-

dialysis resulted in stable and normalized electrolyte levels and hematocrit, which 

resulted in a significant reduced of loss of ex vivo cardiac function and hemody-

namic performance in slaughterhouse hearts in the PhysioHeart setup. The used 

blood conditioning temporarily mitigated the negative effects of interstitial edema 

which still occurred. Further research is envisioned to identify the etiology of 

edema in isolated hearts. Research of normothermic hemoperfused donor hearts 

and the optimization of our platform might profit from each other.
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Abstract

The use of slaughterhouse-based hearts has advantages over hearts obtained from 

laboratory animals for preclinical testing. However, slaughterhouse hearts have 

greater variability in cardiac function, this has resulted in a dispute over their 

actual reproducibility.

This study explores the feasibility of examining the cardioplegic effluent during 

hypothermic cardiac arrest for the presence of biomarkers to predict post-storage 

heart function of slaughterhouse hearts. This may enable proactive measures to 

optimize preservation strategies and improve the initial cardiac performance of 

slaughterhouse heart experiments.

Slaughterhouse pig hearts (n=9;420±30 g) were arrested and flushed with an 

additional liter cardioplegia after one hour. Effluent samples were examined for 

ammonia, lactate, troponin and inorganic phosphate. After two hours, hearts were 

hemoreperfused in the ex vivo heart platform PhysioHeart™ to restore physiolog-

ical cardiac functions and to identify correlations between biomarkers and cardiac 

output.

There was a negative correlation between cardiac output of revived hearts and 

levels of ammonia (r=-0.865;p=0.002) and lactate (r=-0.763;p=0.01). No correla-

tion was found between cardiac output and levels of phosphate (r=-0.553;p=0.12) 

and troponin (r=-0.367;p=0.331).

The analysis approach to assess cardioplegic biomarkers was feasible and enabled 

the estimation of the effectiveness of organ protection and cardiac function before 

reperfusion. Ammonia is a predictor for cardiac dysfunction. Effluent analysis 

prior to heart revival can uncover post-storage cardiac dysfunction in isolated 

hearts and may prevent failed experiments while improving reproducibility and 

standardization.

Introduction

Animal hearts are effective models and used to bridge the gap between 

biomedical scientific discovery and clinical trials 1. Isolated beating hearts 

are becoming more frequently used for preclinical investigations to study 

physiological cardiac responses and mechanisms as well as morphological aspects 

of the heart2,3. Compared to in vivo testing, isolated heart experiments can offer a 

higher reproducibility and superior access to imaging techniques4, with the possi-

bility to determine additional biomechanical and flow information (e.g. atrial-, 

ventricular- and aortic pressure as well as cardiac output and coronary flow). In 

addition, the experiments are not affected by systemic influences, such as neuro-

humoral control and systemic circulation feedback.

In order to minimize animal experiments, one can consider using hearts from 

slaughterhouse animals like pigs, sheeps and goats. Besides lower costs, slaugh-

terhouse use provides wider availability without ethical issues associated with 

laboratory animals5,6. In the slaughterhouse, the exsanguinated animal bodies 

follow the standard production line. In between, the hearts are removed quickly 

(< 5 min) to reduce the warm ischemic time, then arrested with cold cardioplegia 

and transported to the laboratory. However, the removal of the heart-lung block 

is challenging and may result in different warm ischemic times, a potential risk of 

air embolism and thrombus formation. In addition, we hypothesized that cardio 

protection by means of cardioplegia can be insufficient due to unequal distribu-

tion of the solution through the myocardium. We consider this variability a major 

drawback for the use of slaughterhouse hearts which can affect the reproducibility 

and standardized performance of slaughterhouse heart experiments7,8. The use 

of cold cardioplegia during transport is an essential and indispensable method 

of protecting the myocardium. It reduces cardiac metabolic activity and oxygen 

demand and preserves the pool of energy-rich phosphates. This technique is 

widely implemented for preservation of human and animal hearts9. Most human 

and pig hearts tolerate hypothermic storage, which aims to lower the heart meta-

bolic rate. Cold storage does not entirely inhibit myocardial cell metabolism and 

leads to a reduction in ATP (adenosine triphosphate) concentration which in turn 

results in the loss of cell integrity during hypothermic storage, followed by myocar-

dial acidosis, ischemia and reperfusion injury10,11. One factor contributing to post-

storage cardiac dysfunction is the limited possibility for quality assessment during 

hypothermic cardiac storage; another factor is that organ quality management and 

organ assessments do not receive the same attention as the management of donor 

and recipients12-16. A method of organ quality control would offer also valuable 

information for the improvement of post-operative cardiac function in the clinics.
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One solution to overcome this issue is to assess cardiac specific biomarkers of, 

for instance, necrosis and metabolism during storage. Lowalekar, Cao17 measured 

biomarkers such as lactate, troponin and creatine kinase during storage to eval-

uate heart preservation in different cardioplegic solutions and to evaluate the 

optimal storage temperature18. Egar, Ali19 also used troponin to evaluate the use 

of an Na+/Ca2+ exchange inhibitor. That approach gives valuable information about 

cardiac protection but has not yet been shown to directly correlate to cardiac 

pump function after resuscitation.

Currently the post-storage cardiac dysfunction of slaughterhouse hearts is difficult 

to predict. A timely indication of likely dysfunction may either result in cancelling 

or restricting the experiment, or in using a better-preserved heart. Therefore, a 

method to estimate and understand the quality of preservation in excised slaugh-

terhouse hearts may not only avoid useless experiments, but also improve the 

reproducibility and standardization of these models.

This feasibility study aimed to predict post-storage cardiac function of porcine 

hearts by means of assessing cardiac biomarker concentrations in cardioplegic 

solution obtained after reperfusion in conjunction with cardiac performance.

Methods

Animals

We obtained nine hearts from Dutch Landrace pigs. The animals each weighed 

about 110 kg and had been slaughtered for human consumption. All protocols 

followed by the slaughterhouse and laboratory were consistent with EC regula-

tions 1069/2009 regarding the use of slaughterhouse animal material for diag-

nosis and research, supervised by the Dutch Government (Dutch Ministry of 

Agriculture, Nature and Food Quality) and were approved by the associated legal 

authorities of animal welfare (Food and Consumer Product Safety Authority).

Isolated heart preparation

After the pigs had been electrically stunned, hung and exsanguinated until death, 

a parasternal incision was made in the thorax and the heart-lung block removed. 

After removal, the hearts were immediately topologically cooled. Subsequently, 

after opening the pericardial sac, the pulmonary artery was transected under 

the bifurcation; the aorta was transected under the first supra-aortic vessel. The 

hearts were then isolated and prepared as described previously5.

Table 1 Modified St. Thomas solution for crystalloid cardioplegia.

Integredients Concentrations (mmol)

Sodium 130

Potassium 16

Magnesium 16

Calcium 1.2

Chloride 171.4

Procaine 1

Heparin 5000IU/L

Cold cardioplegia administration

Immediately after removal, the aorta was cannulated and two liters of heparin-

ized modified St. Thomas 2 (4°C, Table 1) crystalloid cardioplegic solution was 

administered through the coronary arteries at a mean pressure of 100 mmHg. 

Warm ischemic time was measured and never exceeded 4 min (182±25 sec). In 

the intervening time, 10 L blood were collected for reperfusion from subsequently 

slaughtered pigs. The hearts and blood (5000 IU/L heparin) were stored for two 

hours. After approximately one hour an additional liter of cold cardioplegic solu-

tion was administered. The effluent was collected during the administration of the 

additional liter and stored for biomarker analysis, see figure 1.

Figure 1 Experimental protocol. 

After slaughtering and heart removal from the pigs, hearts were arrested with cold cardioplegia and 

stored for two hours. During the two-hour storage an additional bolus of cardioplegia was applied to the 

hearts. The effluent was collected for later analysis.

Mounting isolated hearts onto the circuit

In the laboratory, the aorta and left atrium were attached to an ex vivo circuit 5 

and the pulmonary artery was cannulated in order to return the venous blood to 

the reservoir and measure coronary flow. Temporary pacing leads (Medtronic Inc., 

Minneapolis, MN, USA) were placed on the right ventricle to monitor electrical 

activity and to pace when needed. The perfusion circuit was primed with a calcium 

enhanced saline solution and normothermic (38°C), heparinized, insulin supple-

mented (0.32 units/L) and oxygenated blood to achieve a physiological perfu-
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sate (6 L, hematocrit 25 ± 1%; pH 7.40 ± 0.05). The hearts were then perfused in 

Langendorff mode to keep the coronary perfusion pressure at 80 mmHg. Within 

five minutes, during which defibrillation (usually less than 5 shocks) and intracor-

onary Lidocaine were administered when needed, steady contractile myocardial 

activity was restored. After a supplementary stabilization time of 15 min, preload 

and afterload were opened to switch from Langendorff to working mode. The 

preload and afterload were adjusted to create a mean preload of 10 – 20 mmHg 

and an afterload of 100 – 110 mmHg. In this two-chamber working mode, the left 

ventricle (LV) ejects the perfusate into the afterload. Due to required preparations, 

all related pressures and flows were ready to be monitored approximately 60 min 

after reperfusion and were kept at physiological values and were used as results 

for initial hemodynamic evaluation5. The blood glucose level was maintained 

manually at between 5 and 7 mmol/L by the addition of a mixture of glucose and 

insulin. The mean cardiac output and coronary flow were measured using two 

ultrasound flow probes (SonoTT™ Clamp-On Transdu-cer, em-tec GmbH, Finning, 

Germany), after afterload and pulmonary artery. The hemodynamic parameters 

were continuously monitored and adapted according to the pump function of the 

heart to fit the clinical scenario from Schampaert, van Nunen 20 shown in figure 2.

Clinical chemistry

After one hour of hypothermic storage, one additional liter of cardioplegia was 

administered to the hearts, the effluent (approx. 1L) was collected in a beaker 

and mixed to ensure uniform concentration, from which specimens were taken. 

Cardiac troponin I was measured immediately with the i-STAT cardiac troponin 

I assay (scil animal care company GmbH, Germany). Specimens for lactate, inor-

ganic phosphate and ammonia were aliquoted into related blood collection tubes 

with separation gel and were centrifuged immediately (2500 x g, 10 min). The 

tubes were filled until the filling mark. Specimens for lactate and inorganic phos-

phate were stored at 4 degrees overnight, and ammonia specimens were stored 

at -80 degrees overnight. The next morning, the specimens were transported and 

analyzed (Cobas c8000 analyser, Clinical laboratory, Maxima Medical Center, Veld-

hoven, The Netherlands).

Statistics

The Pearson product moment correlation coefficient was used to calculate the 

correlation between the post-storage cardiac output and each biomarker within 

the effluent. A p value of <0.05 was considered as statistically significant. Sigma-

plot 11 (Systat Software GmbH, Erkrath) was used for statistical analysis.

Results

After two hours of hypothermic arrest, all nine hearts were successfully revived in 

the PhysioHeart™ platform. All hearts were induced to the ventricular two-chamber 

working ejecting mode to create cardiac output under physiologically relevant 

cardiac hemodynamic conditions for several hours (1-4 hours), strongly depending 

on the initial contractility (data not shown). The initial cardiac output of all nine 

hearts is plotted as a boxplot in figure 3 and shows the wide-ranging variability 

of cardiac performance from 3-5 L/min of the slaughterhouse hearts. All heart 

Figure 2 Physiological clinical scenario followed during the PhysioHeart™. 

The mean aortic pressure (afterload) was adjusted according to the cardiac pump function to fit the 

graph while the atrial pressure (preload) was kept in a physiological range (≈15mmHg mean).

Figure 3 Initial cardiac output of the revived hearts.

The boxplot presents the range of initial cardiac output of the hearts revitalized in the PhysioHeart™ plat-

form. The dashed line refers to the minimal physiological cardiac output (3 L/min) while the dash-dot-dot 

line refers to the mean value. Dashed line, minimal physiological cardiac output (3 L/min). Dash-Dot-Dot 

line, mean value.
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effluents were successfully analyzed for biomarkers. Figure 4 shows the correla-

tion between the initial cardiac output and each measured cardiac biomarker in 

the cardioplegic effluent. The initial cardiac output was strongly negatively and 

linearly correlated with ammonia (r=-0.865, p=0.002, figure 4A) and with lactate 

(r=-0.763, p=0.01, figure 4B). The initial output of the hearts was lower when lactate 

and ammonia concentrations measured in cardioplegia effluent were higher. With 

respect to inorganic phosphate and troponin I levels, no significant correlation 

with the initial cardiac output was found (r=-0.553, p=0.12 and r=-0.367, p=0.33 

respectively). All measured variables are listed in Table 2. 

Table 2 Results of the measured variables.

Troponin I

[µg/L]

Inorganic phosphate

[mmol/L]

Lactate

[mmol/L]

Ammonia

[µmol/L]

Cardiac output

[L/min]

1.44 0.18 0.34 73 4.8

2.24 0.51 0.79 78 3.4

0.14 0.1 0.33 61 4.9

0.52 0.21 0.71 100 3.4

0.59 0.21 0.35 67 4.1

0.06 0.32 0.46 76 4.6

2 0.38 0.63 116 3.0

0.31 0.39 0.48 110 3.1

0.84 0.32 0.35 64 5.2

Discussion

The present study demonstrated the feasibility of cardioplegic solution analysis 

and revealed the predictive value of biomarkers within the cardioplegia effluent, 

in particular lactate and ammonia in the present case. This method was able to 

predict the post-storage cardiac functions of ex vivo hemoperfused slaughter-

house porcine hearts, following hypothermic arrest. We found direct negative 

correlations between concentrations of lactate and ammonia measured within 

the cardioplegia effluent and the left ventricular function of ex vivo beating hearts 

revived in the PhysioHeart™ platform. However, troponin I and inorganic phos-

phate levels showed no direct correlation with initial cardiac output.

Concentrations of extracellular ammonia in the cardioplegia strongly correlated 

with the post-storage function in a linear fashion with the cardiac output and 

therefore makes it the most valuable predictor in our study. Ammonia, a waste 

product of the anaerobic amino acid catabolism, is known to be toxic, to cause 

edema and to disturb oxidative phosphorylation in mitochondria and glycol-

ysis21,22. Uyar, Mansuroğlu23 used the anaerobic amino acid metabolism and 

enriched cardioplegia with L-aspartate and L-glutamate as an energy source to 

enhance myocardial preservation and left ventricular function. Amino acids such 

as glutamate and aspartate have been shown to be preferred myocardial nutrients 

in ischemic conditions, and they appear to reduce myocardial ammonia and cyto-

plasmic lactate production, by deinhibiting glycolysis24,25. These considerations 

suggest approaches using differently composed cardioplegic solutions like Custo-

diol26, Somah17, Celsior27,28 and UWS28, containing amino acids among others. This 

might be favorable for the anaerobic metabolism that is implied by the lactate and 

ammonia concentrations. The use of a more complex cardioplegic solution for a 

commercial platform such as the PhysioHeart also requires a careful consider-

ation of cost and benefits, which are currently under evaluation.

Figure 4 Pearson Product Moment Correlation of biomarkers in the cardioplegia effluent.

The scatterplots of the relation of each biomarker within the cardioplegia effluent with the initial cardiac 

output. As Ammonia (A) and Lactate (B) have shown significant correlations with the cardiac output their 

equation is shown in each plot. Inorganic Phosphate (C) and Troponin I (D) did not show any correlation 

with the cardiac output.

A

C

B

D
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Although the cardioplegic solution used in the present study did not contain amino 

acid supplements, ammonia concentrations passed the known toxicity threshold 

(>100µmol/l)29. The question of whether it is the ammonia intoxication or the 

missing amino acids that is the main cause of reduced post-storage cardiac func-

tion remains unanswered.

The harvesting of the heart-lung block requires force which could have addi-

tionally increased the troponin I and inorganic phosphate concentrations in the 

effluent. This increase could have biased the actual levels of both biomarkers, as 

in some cases the right atrium was damaged. Moreover, low fluid temperatures 

and their differences during the sample treatment could have influenced the 

temperature sensitive antibody-binding of the troponin assay. Still, the presence 

of troponin indicates myocardial damage in form of necrosis and a consequent 

loss of the cardiac cell wall integrity. Similar to troponin, inorganic phosphate 

was measured in the effluent, thought to be an indirect predictor for hydrolysis of 

ATP (Adenosine triphosphate) and PCr (Phosphocreatine) in the myocardium as 

previously reported by other work30-32. However, distinct from the literature the 

present study measured extracellular and not intracellular inorganic phosphate 

which likely resulted in the conflicting results compared to the literature, as well 

as the loss of inorganic phosphate as an indirect predictor for the degradation of 

myocardial high energy phosphates in our study.

In contrast to inorganic phosphate, lactate concentrations are known to be elevated 

in hearts subjected to warm ischemia or after cardioplegic arrest and directly indi-

cate anaerobic metabolism and acidosis33,34. The present study identified extra-

cellular lactate in the cardioplegia effluent as a possible predictor of post-storage 

cardiac function. Although the Pearson product correlation showed a significant 

correlation between lactate and the initial cardiac function, the linear relationship 

is rather weak. Whether lactate is a non-linear predictor of the cardiac output is 

unknown and requires a bigger sample size.

In this study, the initial cardiac output and hemodynamic assessment was evalu-

ated and recorded after approximately 60 minutes of reperfusion, this could be 

considered as “late”, but was necessary for a stable heart performance and equip-

ment implementations for pressure and flow analysis. Hearts in an ex vivo envi-

ronment show a constant function degradation over time, resulting in different 

perfusion times after resuscitation, dependent on the initial contractility. Conse-

quently, the initial cardiac output is a strong indicator for the possible duration 

of an experiment. Under normal circumstances, a heart with a low initial cardiac 

output does not last longer than a heart with a high initial output or vice versa, 

which is the reason we are only reporting the initial cardiac output.

Despite standardized removal procedures, excised slaughterhouse hearts were 

exposed to short (<4 min) but varying periods of warm ischemia. Examination of 

the cardioplegic effluent provided useful feedback on tolerance to ischemic stress 

and helped to explain cardiac performances and more importantly could be able to 

improve the reproducibility of slaughterhouse-based ex vivo heart experiments by 

exclusion of hearts for experiments. Though, due to the limited number of hearts, 

a possible cut-off value as a possible exclusion criterion for hearts with a potential 

low cardiac function could not be suggested. This technique could also be further 

used to assess other cardiac arrest strategies such as blood cardioplegia, which 

would result in different marker concentrations. These results warrant more 

extensive studies in a PhysioHeart™ -like platform.

Future work

The primary purpose of this study was to identify a discriminating biomarker that 

predicts cardiac output. Therefore, we feel encouraged to consequently use the 

abovementioned set of biomarkers and performance data. We will use the findings 

to carefully analyze the harvesting process on a case by case basis, as we suspect 

slaughterhouse hearts are prone to heterogenous cardioplegia distribution.

We will explore practical and cost-efficient ammonia and lactate assays for inhouse 

analysis. Unlike in the present study, in which specimens have been analyzed a day 

after the experiment at a hospital, this will result in the possibility to predict the 

left ventricular function before the experiment. For this purpose, we are currently 

investigating the use of i-STAT CG4+ cartridges for lactate measurements and an 

ammonia assay (HI700 Checker HC, Hanna GmbH) based on the Neßler-Reac-

tion. Although both measurements provide results quickly (<5 min), both assays 

required different samples sizes with 95 µl and 10 ml respectively.

One may further speculate whether this approach is feasible in reperfused human 

donor hearts for transplantation. A method for quality control would improve 

post-operative cardiac function, particularly in heart transplantation from donation 

after circulatory determined death (DCD), as these hearts have limited possibility 

for quality assessment prior to resuscitation35. The challenges in predicting dysfunc-

tion, and to retrospectively assess the effectiveness of individual cardiac protec-

tion strategies in DCD hearts show similarities to slaughterhouse hearts. However, 

human donor hearts are already obtained under very controlled circumstances, 

although systematic assessment of the first effluent may be a cheap source to eval-

uate cardiac protection.



Process and quality control in use of isolated beating porcine slaughterhouse hearts94 95Prediction of post-storage cardiac function from cardioplegic effluent in an ex-vivo porcine heart model

V

ch
a

p
t

er

Conclusion

Biomarker analysis of cardioplegic effluent revealed that an increased level of 

ammonia was a strong predictor for post-hypothermic storage cardiac function of 

ex vivo hemoperfused slaughterhouse porcine hearts revived in the PhysioHeart™ 

platform. Concentrations of lactate and ammonia were inversely correlated with 

the left ventricular function of these ex vivo beating hearts. This work justifies 

further research to improve the decision making throughout the transportation 

process and enable a standardized quality of revived hearts. The method is cheap 

and convenient, and the analysis of effluent may potentially be translated to clin-

ical application to assess the quality of donor organ protection during transplan-

tation.
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Abstract

Ex vivo beating slaughterhouse heart platforms, such as the PhysioHeart™, are 

used to train physicians and for preclinical cardiovascular device testing and 

development. Easy accessibility, reproducibility, minimum ethical considerations, 

cost and time efficiency of such experiments provide more realistic and reliable 

assessment for preclinical devices compared to in-vitro studies. With current 

advances in ex-vivo beating heart technologies, these platforms may be used up to 

several hours and replicates or replaces acute in-vivo animal models.

In this literature review, we investigated different modifications of ex-vivo normo-

thermic beating slaughterhouse heart techniques along with our PhysioHeart™ 

platform and assessed their potential advantages or disadvantages in order to 

improve performance variations among different techniques.

Introduction

Since the groundbreaking work of Carl Ludwig1 and Oscar Langendorff2, 

decades of fundamental cardiac research and knowledge are attributable to 

the methodology of the ex-vivo beating heart experiments3. Today, modern 

ex-vivo beating heart platforms are used for a large variety of investigations in the 

fields of cardiology, cardiac surgery and pharmacology4-9. Throughout the years, 

significant effort has been spent to improve such models. As a result, ex-vivo 

beating heart systems have been modified and tailored to specific research objec-

tives to obtain faster and reliable data on prototype device testing and develop-

ment.

Historically, the initial groundbreaking unloaded Langendorff perfusion model 

mostly supported ischemia, coronary perfusion and electrophysiology studies. 

Nowadays, various ex-vivo beating heart systems are available that enable more 

in-depth investigations such as electrophysiological studies10,11, two- and four 

chamber beating heart studies12,13, heart-lung perfusion and ventilation14 as well as 

multi-organ autoperfusion15. A sufficiently loaded ventricle (“working or beating 

mode”) allows physiological pump function and subsequent assessment of the 

pressure and flow changes in every cardiac cycle16. Ex-vivo working hearts remain 

viable based on continuous and suitable supply of normothermic and oxygenated 

blood, allowing optimal physiological conditions for reliable device testing, and 

also research on donor heart transportation17.

Taking the growth of cardiac research and the ethical concerns regarding the use 

of laboratory animals (e.g. studies on coronary ligation studies and infarct gener-

ation) into account, the use of slaughterhouse-derived ex-vivo beating heart plat-

forms may provide an alternative to the ethically challenging in-vivo animal exper-

iments. The hearts harvested from the slaughterhouse are easily accessible and 

potentially more cost effective; the ex vivo test protocols do not need approval 

by institutional animal care and use committees, while ex-vivo experiments can 

be carried out several times a day by an experienced team, as these hearts are 

available in large numbers without the need to specifically sacrifice animals for 

conducting the research. Therefore, research can be initiated faster, leading to a 

better learning curve and an accelerated R&D process.

Despite recent innovations and years of experience in ex-vivo beating heart meth-

odology, risk factors such as warm ischemia time between exsanguination and 

cardioplegia, transportation time to the laboratory and/or type of procurement, 

still remain challenging in the isolated slaughterhouse heart methodology.
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This review aims to establish a process analysis of the ex vivo slaughterhouse 

heart’s life cycle, based on specific risks, and quality control, as gleaned from the 

literature and from our experiences with the PhysioHeart™. The analysis is linked 

to actions to mitigate risks during the ex-vivo beating heart’s life cycle in order 

to optimize the process using diagnostic and treatment tools, from selecting an 

animal to concluding a particular investigation. It also may provide input for a 

so-called failure mode and effectiveness analysis (FMEA)18.

Pros-and cons of the ex-vivo beating heart platforms

The route to new discoveries and developments from basic research to clinical 

application is time consuming, expensive and frequently challenging. Choosing 

the right animal model is financially and ethically crucial for the success of the 

studies19,20.

Currently, the swine is the most frequently preferred large animal model for a diver-

sity of studies, despite some minor shortfalls such as rapid heat production, core 

temperature fluctuations, plasma osmotic and oncotic pressures and/or its imma-

turity of age compared to humans21. In such in-vivo animal experiments, animal 

welfare regulations are crucially important to reduce the number of animals used 

along with effective pain control. On the other hand, alternative use of “living” 

ex-vivo beating hearts can yield knowledge that finally justifies full in-vivo animal 

experiments due to its similar size, anatomy, and function to human hearts22. The 

complete isolation of the heart from interacting with other organs, the systemic 

circulation and neurohormones may also provide an advantage which increases 

control over focused experimental conditions in the isolated heart, while it is just 

a step away from the in-vivo situation. Ex-vivo beating heart experiments require 

a relatively simple and practical environment. There is no need for anesthesia 

during the experiments, or an operating room and after-care; they also provide 

reproducibility in acceptably large numbers. The use of external pacing and drugs 

such as catecholamines and cardiotonics can mitigate the effect of denervation 

and enables short-duration metabolism and pharmaceutical studies. The isolated 

heart can be prepared in custom so that global or regional ischemia, hypoxia and 

reperfusion injury can be replicated23. The open access of the ex-vivo beating 

heart platforms improves the functional assessment of surgical procedures, and 

the efficiency of clinical training and assessment of new devices such as ventric-

ular assist devices24-26 computerized tomographic imaging of myocardial perfu-

sion27, dynamic magnetic resonance imaging of the heart28,29, intra-aortic balloon 

pump support30 and coronary artery flow autoregulation31. Another eye-catching 

advantage of the beating heart platforms is the possibility of intracardiac videos-

copy (see Figure ) by perfusing the coronary arteries with blood, while the heart 

is pumping a clear fluid, allowing live imaging during cardiac interventions9,32-34. 

Besides research purposes, ex-vivo beating heart platforms may be used in clin-

ical practice as medical devices preserving functions and extending viability of the 

donor hearts for the purpose of heart transplantation 35.

The use of slaughterhouse-derived organs is subject to different regulations, 

particularly concerning the deployment of slaughterhouse animal material for 

diagnosis and research36. The animal bodies follow the regular production line 
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while hearts can be removed and arrested with cardioplegia without interfering 

with the slaughterhouse processes. After exsanguination, the animal bodies 

usually track the production process of a warm water bath, and bristle burning 

and are subsequently disemboweled and disassembled. One advantage of using 

slaughterhouse hearts, experimentation on these hearts does require an experi-

enced, but not specially certified team and can be carried out several times a day 

without any restrictions. Due to cost and ethical concerns slaughterhouse organs 

could become an acceptable alternative for surgical training, an additional benefit, 

in case commercial aspects of slaughtering are respected37.

Despite the aforementioned advantages of availability, low cost and reduction 

of the ethical burden, standardized pre-excision donor treatment and quality 

assessment are not possible. Generally, slaughterhouse pigs can be assumed to 

be in general good health as they are examined by a veterinarian prior to slaugh-

tering. However, domestication, selective breeding, limited physical activity and 

improved feeding efficiency may lead to hypertrophic cardiomyopathy with differ-

ences in QT interval and P wave as well as ventricular repolarization, arrhythmias, 

aortic insufficiency and pericarditis38,39. Due to the reduced exercise tolerance and 

intensive selection pressure make the slaughterhouse pig susceptible to stress. 

During regrouping and transport this may lead to sudden cardiac death, undiscov-

ered cardiac damage and elevation of cardiac enzymes in blood plasma 40.

In contrast to specially bred experimental animals, slaughterhouse pigs are 

stunned (e.g. CO
2
, electrical or blot gun) and exsanguinated, leading to the neces-

sity of preserving and transporting the hearts as well as blood to the laboratory, 

resulting in a different pathological situation, (see Figure 2)41. Whether electrical 

stunning results in additional cardiac damage and edema formation is debatable42. 

Unlike laboratory animals, slaughterhouse-derived hearts are always subjected 

to a period of warm ischemia and hypovolemic shock due to the slaughterhouse 

processes and the challenging removal of the heart, leading to the additional 

potential risk of air embolism and thrombus formation. This introduces the possi-

bility of heterogenous cardioplegia distribution and lower ventricular recovery.

Literature search

A literature research without language restrictions was performed in Google 

scholar and PubMed. The search was based on the keywords: “ex vivo”, “abattoir” 

and “heart”. To avoid missing relevant articles, the search was extended with the 

words: “slaughterhouse”, “porcine”, “pig” and “cardiac”. This resulted in increased 

access to larger number of references and reduced the chance of missing relevant 

articles. All relevant articles were selected by title and abstract. Useful abstracts 

were collected while non-relevant articles were excluded. Full-text articles were 

gathered and evaluated for eligibility, and useful references were included in 

the literature database. Included studies were critically appraised and met the 

following criteria: (1) Hearts must have been harvested in the slaughterhouse, 

(2) arrested to preserve heart function to ensure viability, (3) subsequently trans-

ported to the laboratory, (4) and revived with blood or an established perfusion 

fluid under normothermia.

Figure 1 Intracardiac endoscopy.

Mitral and aortic valve at a left ventricular view. Figures provided by LifeTec Group B.V.

Figure 2 Timeline of process-dependent physiological changes during PhysioHeart experiments.
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Results

We found 35 manuscripts in total, 15 of which were attributable to our work with 

the PhysioHeart™ platform25-27,30,31,33,43-51, and 20 were related to ex-vivo beating 

heart studies performed by other investigators6,41,52-69. The first study on isolated 

slaughterhouse hearts was published by Henze, Schoser52 who in 1989 exam-

ined cardiac mechanical recovery using several coronary perfusion protocols. 

From 1989 until 2008, research on slaughterhouse hearts was mainly performed 

in Germany. During this period, research mostly focused on the metabolic53 and 

functional characterization of isolated slaughterhouse hearts during transport 

and reperfusion, optimizing the transport solution55 and verifying those boundary 

conditions under which slaughterhouse hearts could be a useful model for preclin-

ical research52. This was achieved by using MRI56, NMR spectroscopy and optical 

imaging57-63, 65-67. In initial studies it was common to place a balloon into the left 

ventricle cavity to assess cardiac function41. Only one group verified the cardiac 

function in working mode6. The similarities between slaughterhouse hearts 

and DCD hearts (Donation After Circulatory Determined Death, i,e. in patients 

admitted to the hospital with circulatory arrest) were recognized at an early stage, 

and potential clinical cardiac protection methods were tested on slaughterhouse 

hearts64.

Since 2010, the working mode has been successfully established in ex vivo slaugh-

terhouse hearts45,68,69. This achievement resulted in more realistic evaluations of 

heart function, devices and procedures with for instance, computer tomographic 

myocardial perfusion27, magnetic resonance imaging-based analysis28,29, left 

ventricular assist devices25, 26, intra-aortic balloon pump support30 and coronary 

autoregulation31. Nevertheless, in our experience with the PhysioHeart™ plat-

form we observed unexpected left ventricular failure or early loss of performance 

in approximately 10% of the revived hearts, which warrants efforts to further 

improve the predictable performance.

Besides our own experience with the PhysioHeart™ platform, we report the most 

interesting aspects of the methodology in the literature and suggest a guideline 

based on the literature findings. 

Selection and harvesting

Henze, Schoser52 were only allowed to receive the hearts after the warm water 

stage, 10-15 min (warm ischemia) after exsanguination. This circumstance led 

to the preliminary investigation into whether these hearts were actually viable. 

For this purpose, hearts were perfused with 6L arterial blood in the slaughter-

house and it was found that only soft, relaxed hearts showed signs of vitality and 

true contractions. The authors proved that the immediate perfusion with arterial 

blood in the slaughterhouse prior to cold cardioplegia arrest and transport to the 

laboratory, significantly increases the high energy phosphates and the chance for 

successful revival in the laboratory. Brinkmann, Burkhart53 and Scheule, Bohl55 

adopted this method and revitalized excised hearts with fresh arterial blood in the 

slaughterhouse and only used regularly contracting hearts for their subsequent 

investigations.

Gorge, Erbel41 removed heart, lung, liver, and esophagus en-bloc after the animals 

had been cleaned in a warm water bath with a total ischemic time (stunning to 

cardioplegia) of 11.5±2 min. The block was stored in an ice-cold cardioplegic solu-

tion (St Thomas’s), while submerged aortic cannulation was carried out to avoid 

air embolisms. The hearts were infused with 5-8L cardioplegia for 8±2 min at 80 

mmHg, stored at 4˚C and transported to the laboratory and revived within 38±3 min.

Modersohn, Eddicks6 removed only the heart and lungs en-bloc and reported a 

warm ischemic time of more than 10 min due to the brewing of the animal after 

exsanguination and described this circumstance, similar to Gorge, Erbel41, as 

the limiting factor for cardiac function. Modersohn, Eddicks6 also described the 

potential advantage of retrograde perfusion and mentioned that the great azygos 

vein needs to be ligated beforehand. The authors further defined the possible 

impairment of the endothelial function due to potassium and the cold environ-

ment during storage, resulting in early edema formation which could be avoided 

by using blood cardioplegia or 2,3-Butadione monoxime (BDM) as a supplement. 

This would allow far better recovery of the muscle tissue, reduce damage and 

myocardial edema as well as hypercontraction during reperfusion54.

Rauh, Hiller63 were able to harvest the hearts immediately after exsanguination, 

and, similar to Gorge, Erbel41, placed the hearts into 2L cold saline solution to avoid 

air embolisms then arrested the hearts with 3L ice-cold modified Bretschneider 

solution at an aortic pressure of 100 mmHg. The authors reported the practical 

usage of cable ties for cannula fixation57.

For their study, Scheule, Haas64 used only hearts which had been exposed to 

25 min of warm ischemia. The hearts were harvested after a warm water bath 

and burning of the bristles. Contracted and damaged hearts were excluded. The 

authors submerged the hearts in cold saline solution and arrested them with 1L 

St. Thomas’s cardioplegia at 140mmHg with a subsequent transport time of 30 

min to the laboratory. Moreover, like the other authors, Scheule, Haas64 stressed 

the significant impact of the warm ischemic time on the chance of recovery of the 

slaughterhouse hearts.
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Talukder68 harvested hearts from pigs which had been stunned with a bolt pistol 

to allow uninterrupted blood circulation prior to exsanguination, with the lowest 

reported warm ischemic time of 1.5 – 8 minutes from exsanguination until cardiac 

arrest. For their study, the authors only accepted actively contracting hearts which 

were placed in cold saline solution and arrested either with 1 L cold Plegisol (4 ˚C, 
heparin supplemented) or 300 mL Plegisol (25 ˚C) with 20 KU Streptokinase and 
subsequent 1L 4 ˚C cardioplegia.

Our protocols comprise the heart harvested by removing heart and lungs en-bloc 

directly after electrical head stunning. The organs are then plunged into cold St. 

Thomas’s crystalloid cardioplegic solution, cannulated and perfused with two 

liters of heparinized St. Thomas’s 2 solution at a mean pressure of 80-100 mmHg, 

while warm ischemic time never exceeds 4 min.

Hearts are usually not selected for their beating status (e.g. not beating, fibrillating, 

beating) and hearts with obvious pathologies (e.g. pericarditis) are discarded47.

Transportation

Brinkmann, Burkhart53 compared the UW (Belzer) and the HTK (Bretschneider) 

solutions and determined and compared the high energy phosphate content 

during 3-hour reperfusion. Hearts stored in the HTK solution showed significantly 

higher PCr/beta-ATP ratios than those stored in the UW solution, with differences 

between the right and left heart. Inorganic phosphate was higher in the myocar-

dium after application of the UW solution than with application of the HTK solu-

tion. The PCr/beta-ATP ratios in both solutions declined linearly after cardio-

plegia. The HTK (Bretschneider) solution was also used by Miller, Schick56 for 4h 

continuous hypothermic perfusion to meet the pathophysiological condition of 

DCD hearts. The authors verified edema formation and contraction band necrosis, 

the typical parameters of non-reversible myocardial damage.

Scheule, Haas64 tested different slaughterhouse heart transportation protocols 

(4 hour) and reported that although the coronary flow was significantly better in 

hearts continuously perfused with UW solution, the hearts showed only a non-sig-

nificant trend towards better functional recovery on comparison with hearts 

stored statically in St. Thomas’ solution. The authors explained the advantages of 

the UW due to its components (Table 1).

Table 1 Components of the UW solution.

Component Effect

Lactobionate, raffinose, and 

hydroxyethyl starch

reduce edema

Allopurinol, Gluthatione inhibit xanthine oxidase and reduce the of oxygen radical 

generation during reperfusion

Adenosine facilitates regeneration of ATP during reperfusion

Electrolyte composition prevent sodium influx and edema

In an earlier study, Scheule, Bohl55 used the artificial oxygen carrier perfluoro-

carbon emulsion FC43 for hypothermic perfusion. After 45 min cardiac arrest with 

1L HTK (Bretschneider) solution, hearts were reperfused for 80 min at a perfu-

sion pressure of 140 mmHg at 11 or 25 ˚C, using the emulsion. Cold FC43 emul-
sion (11˚C) led to a resynthesis of PCr and reduction of Pi. The authors concluded 
that this resynthesis during FC43 perfusion is temperature dependent. However, 

Talukder68 renewed the cardioplegia during transport (60-130 min) by flushing 

the hearts every 30 min with 500 ml Plegisol.

Although the optimization of the transport solution is of high interest, we have 

done little in this respect. Even though we have tried various supplements (e.g. 

Hemopure70, ROS scavengers, dexamethasone), we have not changed the protocols 

as changes have serious effects on the experiment outcome and cardiac function. 

Consequently, we only administered an additional liter of cold cardioplegic solu-

tion to the heart after one hour of storage31.

Perfusion

During initial reperfusion phase Gorge, Erbel41 increased the temperature to 

37 ˚C over 5 min while the hearts started to fibrillate at 29 ˚C. The authors noted a 
calcium decrease which they assumed to be a result of calcium overload but also 

to the admission of sodium hydroxide (NAOH). Hyperpotassemia and hyperma-

gnesemia were reported as being caused by stunning, erythrocyte leakage and 

cardiac damage. Creatine kinase increased, also due to stunning and reperfusion 

injury supported by an initial lactate increase; low ATP and creatine phosphate 

concentrations were explained by a damaged oxidative metabolism. The authors 

postulated that lactate may have inhibited fatty acid oxidation and, apart from 

glucose, was most likely to be the preferred metabolic substrate. They also stated 

that a preserved oxidative metabolism does not always indicate reversible isch-

emic damage. However, Gorge, Erbel41 further elaborated that collecting blood 

from different pigs in order to increase stored blood amount is possible as pigs 

lack natural antibodies against blood group factors. 
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Differently, Modersohn, Eddicks6 used only 500 ml homologous blood and diluted 

it with a modified Tyrode solution which was continuously conditioned by dial-

ysis. The authors used an air trap and oxygenated the blood via the dialysis filter 

through the dialysate. The longest total perfusion time of slaughterhouse hearts of 

8 hours was achieved by the use of inotropic drugs (e.g. noradrenalin), which also 

support relaxation.

During reperfusion, Rauh, Hiller63 focused on avoiding air embolisms by connecting 

only filled cannulas66. The authors started the reperfusion with a deoxygenated 

perfusate at a low perfusion pressure (30 mmHg) and a fluid temperature of 12 ˚C, 
while increasing the temperature until the heart started to contract within the 

first 15 min. Immediately after that, oxygenation was started, and temperature 

further increased. The authors report a successful reperfusion time of 4 hours58.

Scheule, Haas64 did not recirculate the blood during the initial reperfusion phase 

(first 5 min) and collected the effluent elsewhere as it contained a high concentra-

tion of potassium, resulting from the St. Thomas’s solution.

We usually prime the perfusion circuit with diluted, heparinized, insulin-en-

riched, pooled blood to achieve approximately 5-6 L blood volume with a hema-

tocrit of 20±4%46. The hearts are directly perfused in Langendorff mode with a 

mean coronary perfusion pressure of 80-100 mmHg. In the event of hypercontrac-

tion or fibrillation, we use defibrillation to restore steady contractile myocardial 

activity48. After about 15 min, we switch from Langendorff to working mode and 

monitor glucose and pH45. We have achieved up to 5 hours of perfusion and have 

good experience of using dialysis for maintaining the blood composition.

Discussion and best-practice suggestions

The appraisal of the literature and development of the PhysioHeart™ experience 

confirm that compared with hearts derived from laboratory animals, slaughter-

house hearts are prone to higher initial pump performance variation due to the 

necessary but unfavorable prehistory of harvesting and transport. Therefore, a 

specific and science-based set of measures should be applied in order to overcome 

this poor start. This could end the debate about reproducibility and performance 

of slaughterhouse derived hearts. Apart from a transparent package of control 

measures, quality control of the isolated heart during its lifecycle and standardiza-

tion of monitoring procedures have been missing up to now. These shortcomings 

seriously affect the potential for research using working slaughterhouse hearts. 

The following measures should be considered:

Animals should look healthy and any visual pathological heart conditions (e.g. 

pericarditis) should cause them to be discarded. In collaboration with veterinar-

ians, some demographic variables could be developed that initially favor good 

hearts. 

1)   Although it is debatable whether electrical stunning results in additional 

cardiac damage and edema formation42, no reports could be found on CO
2
 

stunning. There is a suspicion that electrical shocks to the chest correlate with 

worse heart performance after ex-vivo resuscitation66, suggesting other stun-

ning techniques (e.g. blot gun68) will have favorable outcomes, Figure 3 step 1. 

Nevertheless, any potential harm to the hearts should be avoided.

Figure 3 Guidelines for isolated slaughter-

house-based heart experiments.

Exclusion criteria (green), orange suggested 

steps for a standardized heart harvest in the 

slaughterhouse.

2)   It is of absolute importance to harvest 

the hearts immediately after stunning 

and exsanguination. This ensures low 

warm ischemic times, but requires 

the closure of the animal’s thorax 

or a further manual processing of 

the carcass in accordance with the 

slaughterhouse processes41. Hearts 

should be removed and only be used 

if they are still beating; this increases 

the chance of viable heart harvest68. 

The isolation of the heart-lung block 

has been shown to fit these processes 

as it is a fast method of isolating the 

heart from the thorax (Figure 3 step 

2)6,37,45.

3)   Throughout the harvesting process, 

the coronary system is exposed to 

air leading to the potential risks of 

air embolism and thrombus forma-

tion, resulting in the possibility of 

heterogenous cardioplegia distribu-

tion and lower ventricular recovery. 

For this reason, several studies 

have submerged the hearts (Figure 3 

step 3)41,52,66,67.
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4)   Subsequently, hearts should be perfused with several liters of arterial blood 

or similar oxygenated fluids (e.g. diluted leucocyte-free packed RBC’s) in the 

slaughterhouse prior to administration of cardioplegia and transport to iden-

tify contracting hearts. This can be seen as the first step in quality control 

and as exclusion criteria for unsuitable hearts in the slaughterhouse to verify 

the cardiac function and to additionally refill high energy phosphate content 

(Figure 3 step 4)41,52.

5)  & 6) Besides the necessity for flow and pressure monitoring while applying 

cardioplegia, it is important to be able to evaluate the homogeneity of the 

perfusion and cardioplegia distribution, which can be influenced by coronary 

pathologies, emboli and thrombus formation and affect ventricular recovery. 

For instance, Han, Soh71 mixed microspheres into the cardioplegic solution and 

measured a significantly lower distribution in the septal wall compared with 

the lateral wall. They attributed it to inadequate protection by antegrade cardio-

A

C

B

D

Figure 4 Optical perfusion evaluation.

A) and B) Intraexperimental thermal imaging during reperfusion of an abattoir heart with an unper-

fused apical region in B). In case of cardioplegia administration the colors would be reversed. C) and D) 

Arrested abattoir heart showing unperfused areas (red areas) after addition of green food supplemented 

cardioplegic solution.

plegia perfusion. The use of laser speckle imaging would also allow the online 

monitoring of the “washout” of the blood and the detection of low flow regions72. 

Recently, thermal imaging (Figure 4, A and B) has been used intraoperatively to 

monitor cardioplegia distribution73. There was good concordance between the 

transseptal probe and the infrared camera readings with additional reports of 

the use of a smartphone-compatible thermal imaging camera, which could be a 

cheap and practical tool for use in the slaughterhouse74. Although, non-invasive 

methods are preferred, the addition of a dye to the cardioplegic solution (Figure 

4, C and D) would similarly allow direct visual inspection and would comprise 

the second exclusion criteria (Figure 3 step 5 and 6).

7)   Renewal of the cardioplegia regardless of the discussion about its nature (e.g. 

blood cardioplegia, UW, Brettschneider, temperature, etc.) could be of favor for 

the heart viability (Figure 3, step 7).

8)   While cardioplegia is applied to the organ, the effluent can be collected and 

evaluated for biomarkers for cardiac necrosis75,76 or metabolism (e.g. lactate, 

phosphate77 and ammonia78,79), which would give valuable information about 

organ viability and storage quality and thus would be the last opportunity to 

evaluate the heart prior subsequent revival. Figure 3 step 8)

9)  & 10) & 11) Based on the existing reports, it can be concluded that despite the 

acceptable performance of isolated hearts in general, its use has time related 

limitation even if perfusion parameters, oxygenation and nutrient supply are 

optimal35,80. Changes in  biochemical parameters, myocardial edema, infections 

and primary graft dysfunction have been reported in clinical35,81 and preclinical 

studies14,15,80,82,83.Usually these changes are reported to occur not immediately 

after cardiac resuscitation, but rather after several hours of perfusion, identi-

fying the isolated heart as a failing heart in an multi-organ-failure situation. 

However, slaughter- and transport-related changes in blood composition enhance 

this circumstance and cannot be ignored as these affect the cardiac function nega-

tively and further restrict the ex-vivo cardiac reperfusion time. In particular, elec-

trical stunning leads to hyperkalemia and acidosis84 and further causes hypogly-

cemia, hyperlactatemia, elevated cardiac enzymes and hyperammonemia85, similar 

to epileptic seizures86,87. If slaughterhouse hearts are not harvested at the place of 

revival, then heart and blood need to be transported, causing storage damage of 

the erythrocytes. In this situation glucose use increases, 2,3-diphosphoglycerate 

(DPG) and ATP decline, while concentrations of potassium, ammonia and other 

waste products increase88-90, which all affect cardiac contractility negatively.
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These negative effects are already known in the clinical environment. In humans 

inadequate hepatological and nephrological blood conditioning is associated 

with severe cardiac dysfunction, altered diastolic relaxation, electrophysiological 

abnormalities and hemodynamic changes occurring in the absence of any other 

cardiac disease91. For instance, cirrhotic patients suffer from vasodilatation due 

to increased production or activity of vasodilator factors (e.g. nitric oxide, carbon 

monoxide)92 all of which were recently reported by Schampaert, van ‘t Veer 31 

in the PhysioHeart™ platform preparation. Also, heart failure is predominant in 

patients with chronic kidney disease93; it leads to abnormalities of left ventricular 

dilation, cardiac conduction disturbances, QT prolongation, arrhythmias, fluid 

overload, hyperphosphatemia and dysfunction, all of which were also observed  

in our isolated slaughterhouse heart platform. In order to avoid these patho-

logical situations in slaughterhouse hearts, autologous blood can be harvested 

in the slaughterhouse and diluted with other suitable fluids (e.g. 1:3 or 1:4) in 

order to achieve sufficient HCT (approx. 20-25%) and amount of perfusion solu-

tion, while the use of a leucocyte filter and a heparin-coated circuit can help to 

reduce immune response and edema formation. , (Figure 3 step 9)52,64. Both our 

own studies47 and the literature41, 60 indicate the advantage of slowly increasing the 

perfusate temperature during initial reperfusion may help to reduce the reperfu-

sion injury (Figure 3 step 10). Finally, the blood biochemistry should be assessed 

frequently and supplemented with cardiotonic agents such as insulin and glucose. 

Moreover, continuous blood plasma renewal and conditioning by hemodialysis in 

isolated slaughterhouse heart preparations can be a useful to stabilize electrolyte 

and nutrient content and to prolong and preserve cardiac function during normo-

thermic cardiac perfusion. (Figure 3 step 116,54)

Future directions

Use of blood analogues

When considering the limitations of blood as a perfusate, i.e. the need for blood 

typing, immune matching, the contemplation of logistical barriers to obtain 

and  transport enough blood, and the possibility of infections and immune reac-

tions (as blood contains immune cells and proinflammatory cytokines), one 

could certainly consider using hemoglobin-based oxygen carriers (HBOCs) for 

perfusion. Besides, the potential advantages of HBOCs, including availability, 

long shelf-life, a rightward-shift which increases p50 and the ability to meet the 

myocardial oxygen demand, they are inclined to spontaneous oxidation and the 

generation of reactive oxygen species, which results in microvascular permea-

bility and edema94,95, White, Hasanally96 reported an increase in cardiac edema 

and diastolic dysfunction in HBOC hearts, which the authors explained as the 

spontaneous production of toxic iron species and increasing methemoglobin 

content, which in turn mediates oxidative injury and causes endothelial injury 

and microvascular permeability. Nevertheless, edema was significantly reduced 

by using plasma. Garcia-Ruiz, Galan-Arriola97 recognized significant worsening 

of the left ventricular pressure after intracoronary HBOC perfusion, as well as 

reduction of ejection fraction. Cardiac dysfunction was associated with significant 

edema and left ventricular necrosis. Taverne, de Wijs-Meijler98 also described 

HBOC-related disrupted hemodynamic homeostasis, endothelial dysfunction and 

elevated blood pressures with reduced cardiac output. Besides the pitfalls of the 

use of HBOCs in the cardiovascular environment, HBOCs negatively disturb clin-

ical chemistry and interfere with the most cardiac markers, while not all clinical 

apparatuses are capable of determining the correct oxygen saturation99,100. All in 

all, HBOCs have great potential in the field of cardiac normothermic perfusion 

but need further development and assessment before they can be used without 

restrictions; currently HBOCs cannot compete with the unlimited amount of 

available blood in the slaughterhouse.

Impact on donor heart research

The inability to assess slaughterhouse hearts both prior to and during harvesting, 

and the fundamental disadvantage of ischemia induction leads to the risk of low 

initial pump function and post-storage heart failure, which, to some extent, is 

similar to DCD hearts in the clinic, (Figure 5)64. DCD hearts are non-contractile 

donor hearts, which have suffered from warm ischemia for several minutes. The 

associated hypoxic arrest, warm ischemia and standstill period result in cardiac 

damage of unknown severity and unidentified additional cardiac pathologies, 

Figure 5 Similarities between slaughterhouse and DCD hearts.

* e.g. Langendorff, two chamber working, four chamber working, heart lung, ect.
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and these hearts need to be harvested and arrested quickly. The implementation 

of additional quality control checks to assess and evaluate the process steps is 

necessary and would immediately deliver the information necessary for correc-

tive treatment, as well as the possibility of rejecting unsuitable hearts earlier. 

Slaughterhouse hearts, therefore, provide a robust model to mimic DCD hearts, 

specifically when the warm ischemia time is deliberately extended to 15 min, for 

instance. This would allow more time for the hearts to be harvested, making it 

easier in the slaughterhouse practice.

The work of Scheule, Haas64 illustrates that hearts harvested in the slaughterhouse 

and resuscitated after prolonged ischemia ( ≈25min) can be used for preliminary 
DCD studies. This work highlights that slaughterhouse hearts could be potential 

models for explorative experiments to better understand and address the current 

limitations of ex vivo heart perfusion while reducing animal experiments. 

Additionally, reduced survival times of ex vivo beating slaughterhouse and DCD 

hearts have been reported compared to carefully explanted hearts, most likely 

resulting from the pre-revival history and ischemic time which these hearts are 

exposed to. Whereas survival times of 72 hours101 of ex vivo revived lab animal 

hearts have been reported, the currently maximum period achieved with ex vivo 

slaughterhouse hearts and DCD hearts is documented as being only 8 hours54 and 

10 hours35 respectively. In all of these and other studies, independent of the heart 

source and despite normothermic perfusion, myocardial edema, dysfunction and 

declining cardiac contractility have been reported and resulting in limited perfu-

sion times35,102

Subsequently, based on these studies, our experiences and data, we hypothesize 

that also ex vivo human hearts could potentially suffer from some of the presented 

phenomenons which are related to the circumstance of missing organs (i.e. liver, 

kidney, spleen, brain, etc.). In this light, we want to point out that the role of other 

organs such as the ones responsible for maintaining the blood components should 

be more accounted for isolated heart experiments while slaughterhouse hearts 

could be a potential tool for investigations in the field. Based on our study, we envi-

sion that the use of Fresh Frozen Plasma (FFP) could help to prolong isolated heart 

perfusion although it is not convenient due to its high costs, its unprecise compo-

sition and its limited availability. Further, it is our hypothesis that the combination 

of plasma renewal and dialysis or hemofiltration could provide a more affordable 

and reproducible alternative. The effectiveness of such interventions could be first 

assessed in isolated slaughterhouse models to provide preclinical evidence for the 

application in an isolated human donor heart model.

Conclusion

The ex-vivo beating slaughterhouse heart platform is an attractive and versatile 

model for conducting a variety of diagnostic and therapeutic experiments. Never-

theless, these hearts are prone to initial pump function variabilities due to the 

pre-experimental preparation and handling. Based on the literature review and 

analysis of the PhysioHeart™ experience we conclude that emphasis on meticu-

lous application of the aforementioned tissue preservation measures are essen-

tial quality control tools to ensure an optimal ex-vivo beating heart experiment. 

Agreement on standardization of the entire process from harvesting to reviving 

these hearts could improve the usefulness of the findings by reducing variability. 

In addition, reliability and predictability can be improved by applying easy tech-

nologies (e.g. careful blood biochemistry management and non-invasive hemody-

namic monitoring by means of Speckle, NIRS etc.) which have proven to be effec-

tive in-patient care.

It is evident from the literature that even under conditions of optimal control, the 

viability and function of an isolated heart will be affected seriously by a phenom-

enon that is best described as “time-dependent multi-organ” failure which is 

caused by the absence of natural organ support and by “inflammatory response” 

due to the artificial setup and infections. This phenomenon can be overcome by 

blood renewal, blood conditioning (i.e. hemodialysis or hemofiltration) and the 

use of leucocyte- and cytokine-free blood.

More research in animals can be considered in order to explore the complex 

interaction between organs or organ substitution, in particular its effects on the 

etiology and prevention of heart failure. In patients such neuroendocrine interac-

tion is one of the focus points for treating acute and chronic heart failure. However, 

it is questionable whether the addition of these complex organ substitute inter-

ventions and patient-derived measures can further improve the value to the short-

term use of ex-vivo swine beating hearts such as the PhysioHeart™ platform.

This process analysis of the isolated slaughterhouse pig-heart’s lifecycle reveals 

risks that each can be an independent initiator of a chain of events, and there-

fore should be controlled. We have presented several possible interventions per 

process step to be considered, including the decision to abort or to continue the 

experiment. We conclude that focus on quality control and process management 

should take precedent as a first step in order to make slaughterhouse hearts an 

even more powerful tool in preclinical research.
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Abstract

The cardiac lymphatic system drains excess fluid from the cardiac interstitium. 

Any impairment or dysfunction of the lymph structures can result in the accumula-

tion of interstitial fluid, and may lead to edema and eventually cardiac dysfunction. 

Lymph originates directly from the interstitium and carries real-time information 

about the metabolic state of cells in specific regions of the heart. The detailed 

anatomy of the epicardial lymphatic system in individuals is broadly unknown. 

Generally, the epicardial lymphatic system is not taken into consideration during 

heart surgery. This study investigates the feasibility of detailed mapping and 

cannulation of the porcine epicardial lymphatic system for use in preservation of 

explanted hearts and heart failure studies in pigs and humans.

The anatomy of the epicardial lymphatic systems of forty pig hearts was studied 

and documented. Using a 27 G needle, India ink was introduced directly into the 

epicardial lymphatic vessels in order to visualize them. Based on the anatomical 

findings thus obtained, two cannulation regions for the left and right principal 

trunks were identified. These regions were cannulated with a 26 G intravenous 

Venflon cannula-over-needle, and a Galeo Hydro Guide F014 wire was used to 

verify that the lumen was patent. The main epicardial lymphatic collectors were 

found to follow the main coronary arteries. Most of the lymph vessels drained 

into the left ventricular trunk, which evacuates fluid from the left heart and also 

partially from the right heart. The right trunk was often found to drain into the left 

trunk anterior basally. Right heart drainage was highly variable compared to the 

left. In addition, the overall cannulation success rate of the selected cannulation 

sites was only 57%.

Mapping of the porcine epicardial lymphatic anatomy is feasible. The right ventric-

ular drainage system had a higher degree of variability than the left, and the right 

cardiac lymph system was found to be partially cleared through the left lymphatic 

trunk. To improve cannulation success rate, we proposed two sites for cannulation 

based on these findings and the use of Venflon cannulas (26 G) for cannulation and 

lymph collection. This method might be helpful for future studies that focus on 

biochemical sample analysis and decompression.

Relevance for patients:

Real-time biochemical assessment and decompression of lymph may contribute to 

the understanding of heart failure and eventually result in preventive measures. 

First its relevance should be established by additional research in both arrested 

and working porcine hearts. Imaging and mapping of the epicardial lymphatics 

may enable sampling and drainage and contribute to the prevention or treatment 

of heart failure. We envision that this approach may be considered in patients with 

a high risk of postoperative left and right heart failure during open-heart surgery.

Graphical abstract: Anterior view of the 

principal routes of the porcine epicardial 

lymphatic drainage.

The Anterior interVentricular Trunk (AVT, Ia 

red line) runs from apex re-gion to the base of 

the heart; Ib brown line, normal route of the 

left prin-cipal trunk (LPT); Ic light blue line, 

alternative route of the LPT, IIa yel-low line, 

normal route of the circumflex trunk (CXT) 

anteriorly, IVa white line, right principal trunk 

(RPT) joining the AVT;IVb purple line, RPT 

along the aorta, IVc dark green line, RPT joins 

posteriorly the LPT.



Process and quality control in use of isolated beating porcine slaughterhouse hearts130 131Feasibility of mapping and cannulation of the porcine epicardial lymphatic system for sampling and
decompression in heart failure research

VII

ch
a

p
t

er

Introduction

Despite its role in controlling cardiac fluid hemostasis and maintaining 

normal cardiac function, the cardiac lymphatic system (CLS) has been less 

studied than coronary vasculature. This lack of interest is probably due to 

the small size and complex network of lymph vessels. The CLS maintains cellular 

hemostasis by removing superabundant interstitial fluid from the cardiac cells. 

Thus, metabolic changes in cardiac muscle can be expected to be detected earlier 

in lymph than in venous blood. Consequently, analysis of the lymph could be used 

to identify early cellular metabolic changes.

Lymphatic obstructions sustained during surgery could result in interstitial fluid 

accumulation, which decreases the compliance capacity of the heart and leads to 

an increase in diffusion distance for nutrients and waste products. An increase in 

the amount of interstitial fluid results in cardiac edema followed by ischemia and 

a loss of cardiac function in the affected areas of the heart1-3. Depression of ventric-

ular function with reduced ventricular contractility due to epicardial lymphatic 

obstruction has been documented4. Foldi, Braun5 observed myocardial damage 

and pathological changes on electrocardiogram after lymphatic ligation, as well 

as an increase in serum transaminase activity, similar to that seen in coronary 

occlusion. Furthermore, Lupinski6 reported postoperative atrial fibrillation after 

unintentional damage to the lymphatic drainage of cardiac conductive tissue. In 

addition, post-transplantation cardiac graft failures have been associated with 

interruptions of lymphatic pathways and missing lymphatic connections7,8. Recent 

studies report the therapeutic approach of inducing lymphangiogenesis by means 

of vascular endothelial growth factors. This is believed to promote healing after 

myocardial infarction thanks to the reduction of fluid accumulation and improved 

inflammatory cell clearance9-11. 

Analysis of lymph from cannulated vessels has demonstrated that metabolic 

changes in particular areas of the heart are dependent on the site from which the 

lymph is taken4. Hence, the anatomy of the epicardial lymphatic network must 

be fully understood to be able to cannulate lymph vessels draining the area of 

interest and to minimize interferences from other regions. There are far fewer 

studies on the anatomy and function of CLS than on coronary arteries and veins. 

However, several studies have described the lymphatic systems of pigs6,12-14, and 

as pig anatomy has been found to be the most similar to that of the human, the 

porcine cardiac lymphatic system can be expected to most closely resemble the 

human cardiac lymphatic networks14,15. These studies describe the separate right 

and left lymph networks that drain the right and left heart, respectively, before 

joining posterior of the aorta to form the common efferent trunk12,13. The common 

efferent trunk drains into the cardiac lymph node between aorta and trachea. 

However, Riquetl and Hidden16 discovered that both trunks receive lymph from 

right ventricular regions and that the right trunk sometimes also runs anterior to 

the aorta to join the left trunk. From this, we inferred that the anatomy of epicar-

dial lymphatic network has not yet been fully described. We further envision the 

importance of those anatomical variations which remain to be investigated in 

respect of possible drainage, sampling and decompression. 

This study aims to illustrate and map the porcine epicardial lymphatic network in 

detail which will lead to a better understanding of the network and its variations 

and potential applications of this knowledge. 

Materials and methods

Heart acquisition

Forty hearts were obtained from Dutch Landrace hybrid pigs of about 110 kg 

weight that had been slaughtered for human consumption. All slaughterhouse and 

laboratory protocols were compliant with EC regulations 1069/2009 regarding 

diagnosis and research of slaughterhouse animal material, administered by the 

Dutch Government (Dutch Ministry of Agriculture, Nature and Food Quality) and 

accepted by the related legal authorities of animal welfare (Food and Consumer 

Product Safety Authority).

Lymphatic staining

India ink solution (0.2% v/v, Royal Talens, Apeldoorn) was used for lymphatic 

visualization. The solution was injected directly into the epicardial lymphatic 

vessels with a 27 G needle.

Lymphatic cannulation

Intravenous Venflon cannulas (26 G) with a cannula-over-needle design were used 

to cannulate the left and right principal trunks. A Galeo Hydro Guide wire (F014, 

Biotronik, Berlin) was used to verify that the lumen was open. After the trunks 

were cannulated, India ink was injected apically. A cannulation was assumed to be 

successful when the apically injected ink entered the cannula. 
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Results

Anatomy

Figure 1 shows the epicardial lymphatic network of the left anterior surface 

(Figure 1A) and the basal region of the heart (Figure 1B-D). In all 40 stained 

porcine hearts, the Anterior interVentricular Trunk (AVT, Ia red line in Figure 1A) 

always appeared to run next to the left anterior descending artery (LAD). The AVT 

mainly drained the lymph from the apex, Figures 2C and 3, and the medial regions 

of the anteroseptal right and left ventricle. At the base of the heart, in 97.5% of the 

cases (39 hearts) the circumflex trunk (CXT, IIa yellow line in Figure 1A) joined 

the AVT anteriorly. The two trunks formed the left principal trunk (LPT, Ib brown 

line in Figure 1b). However, in the remaining 2.5 % (one heart), the CXT joined the 

AVT at the base of the heart posterior to the left atrium (IIb in orange line in Figure 

1B). The LPT drained into the aortic lymph nodes (Figure 1B arrows and dotted 

circles). The LPT was found mainly in adipose tissue and it drained towards poste-

rior aortic and pulmonary tissue. In one heart, an alternative route for the LPT was 

discovered which ran alongside the pulmonary artery (Figure 1D, Ic light blue).

The inferoposterior cardiac lymphatic networks showed fewer anatomical vari-

ations. In all hearts, the CXT was observed to follow the circumflex artery and 

drained large areas of the left and right inferoposterior ventricle (IIa, yellow line, 

Figure 2A). The apico-lateral area of the hearts is drained by a variable number of 

marginal trunks (MT, V, green line in Figures 2B and 3) that go on to join the CXT. 

In all cases, the right principal trunk (RPT, IV a white line in Figure 2A) originated 

medio-posteriorly, and close to the CXT. In all cases the RPT (IVa white in Figure 

1D and 2C) ran beneath the right atrium and was covered by adipose tissue. Where 

the RPT reached the anterolateral site of the right ventricle, considerable variation 

was observed in which four common paths could be found. The RPT (Figure 1D, 

IVa) was observed to frequently join (56 %) the AVT anterobasally. However, in 

23 % and 21 % of the cases, RPT ran via the aorta (IVb in Figure 1C and D) and 

beside the right atrium (IVc in Figure 1C and D), respectively. In 90 % of the latter 

cases, the RPT joined the LPT posteriorly to drain lymph into the cardiac lymph 

nodes. In 4 hearts (10 %), the RPT did not drain into the LPT and instead drained 

towards the vena cava (Figure 1B, IVd, light green line). The anatomical findings 

of the epicardial lymphatic system were compared with results published in the 

literature (Table 1).

Figure 1 The principal routes of porcine epicardial lymphatic drainage at the anterior (A), plane view (B) 

and basal regions (C, D) of the heart. 

The Anterior interVentricular Trunk (AVT, Ia red line) runs from the apex region to the base of the heart; 

Ib brown line, normal route of the left principal trunk (LPT); Ic light blue line, alternative route of the LPT; 

IIa yellow line, normal route of the circumflex trunk (CXT) anteriorly; IIb orange line, alternative route 

of CXT posteriorly; IVa white line, right principal trunk (RPT) joining the AVT; IVb purple line, RPT along 

the aorta; IVc dark green line, RPT joins posteriorly the RPT; IVd light green, alternative course of the RPT 

along the vena cav; LA, left atrium; RA, right atrium; PA, pulmonary artery; A, aorta.
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Figure 2 Inferoposterior and lateral views of the porcine epicardial lymphatics.

A. The circumflex trunk (CXT, IIa yellow line) runs along the circumflex artery and drains the main infer-

oposterior and posterior lymph. Beside the CXT, the right principal trunk (RPT, IVa white line) arises and 

runs basal along the right ventricle. B. Two marginal trunks (MT, V green line) join the CXT laterally. C. 

The right lateral site with the possible routes of the RPT. IIa yellow line, anterior path of the circumflex 

trunk; IIb orange line, posterior path of the circumflex trunk; IVa right principal trunk, V left marginal 

trunks.

A B C
II.b

II.b

V.

II.a

II.a

IV.a

IV.aIV.c IV.b

I.a

Figure 3 Apical view and origin of left ventricular drainage.

The Anterior interVentricular Trunk (AVT, Ia red line) and the marginal trunks (MT, V green line) have 

their origin next to the apex of the heart.

I.a

V.
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Cannulation

Due to the diversity of paths taken by the RPT, India ink had to be injected into the 

apical regions of lymphatic network to identify the RPT before cannulation with 

Venflon needles (Figure 4). The track of the LPT has less variation and could there-

fore be identified without India ink staining. Nevertheless, after staining, cannula-

tion of the trunks was successful, and the overall success rate was 57% (23 of 40 

hearts). In 22 of 40 (55%) hearts the RPT joined the LPT and formed a common 

trunk which was successfully cannulated in 16 of 22 cases (70%).

Discussion

We found a more complicated epicardial lymphatic network than has formerly been 

reported. Previously it was thought that there were only two principal lymphatic 

trunks draining the heart, namely the left and right principal trunks6,8,12. However, 

we found an LPT that drained lymph from the right and left ventricles and was 

more pronounced compared with the drainage on the right, which only trans-

ported fluid from the right heart. Additionally, the right-sided drainage system 

was observed to be highly diverse. These findings have not been well depicted 

in the literature and should be considered in epicardial lymphatic cannulation 

for lymph analysis and cardiac investigations. These findings also underline the 

previously described similarities of the human and porcine cardiac anatomy16,22,23, 

particularly in their lymphatic systems. Additionally, the dense lymphatic mesh-

work was sufficiently stained with India ink, which has also been described in 

previous studies24.

During direct epicardial lymphatic perfusion pressures and flows were not 

measured and could have led to a better perfusion and higher variability. However, 

the perfusion fluid follows the course of the lowest resistance and therefore the 

course of the main lymphatic trunks towards the lymph nodes. Successful staining 

of cardiac lymph node was shown in Figure 1.B and anatomical variations were 

only determined for the right draining whereas the left was mostly invariable. 

AVT and CXT were found mostly at their predicted areas. These findings and the 

evidence that other studies described similar findings regarding the variability 

of the right drainage confirmed the suitability of the direct epicardial lymphatic 

perfusion.

In this study, we observed four different possible routes of the RPT. Primarily, the 

RPT joined the LPT at the basal anterior region. In some cases, the RPT alterna-

tively run along the aorta or between the aorta and the right atrium. In the latter 

cases, the RPT joined the LPT posteriorly or run along the vena cava. For this 

reason, in the event of lymph anomaly, the path of the right trunk should be taken 

into consideration during surgical procedures involving the ascending aorta, such 

as proximal anastomosis during bypass grafting, antegrade cardioplegia perfu-

sion, aortic cannulation and aortic cross-clamping.  The standard route of the LPT 

towards the basal posterior site may differ; in some cases, the LPT drains along 

the pulmonary artery. Thus, its possible route along the artery should be consid-

ered in surgical procedures such as pulmonary transection (Fontan procedure) 

and pulmonary reconstruction (Rastelli procedure, repair of Fallot’s tetralogy and 

pulmonary stenosis/atresia)6 in which swollen lymph structures are recognized.

Lymphatic vessels often overlapped the coronary arteries13 and consequently 

increased the risk of injecting ink into the coronary system. The additional risk of 

ink particle aggregation could cause lymphatic obstruction and additional compli-

cations. To overcome the risk of particle aggregation, lymphazurin can be used. 

This is an alternative stain to India ink and is used to identify sentinel lymph nodes 

by injection into the surrounding lymph vessels.

Figure 4 Staining and cannulation of the epicardial lymphatic system.

A. Before cannulation, India ink (black line) was injected apically into the epicardial lymphatic collec-

tors. Black arrows = unstained lymphatic vessel; dotted arrows = coronary artery. B. The left and right 

lymphatic trunks were cannulated with appropriately-sized intravenous Venflon cannulas. C. Close-up 

view of the cannulation site at the base of the heart and the India ink drainage through the cannulas 

(black fluid within the cannulas).

A B

C
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Lymphazurin could be used to verify the different techniques for lymphatic cannu-

lation described in the literature13,25-27. During the present study, a cannulation 

technique was developed by using Venflon cannulas with a cannula-over-needle 

design. This technique was reliable due to cannula flexibility. The cannulas were 

introduced basally between the arteries and the atria as these locations were 

frequently the paths followed by the left and right principal trunks and could 

therefore be used for lymphatic sampling and analysis. Due to the small struc-

ture of the epicardial lymphatics, cannulation is expected to be best conducted 

in arrested hearts, but cannulation in beating hearts is possible in experienced 

hands.

Given the similarity between the lymphatic systems of porcine and human hearts, 

the study described here enables the studying of preservation techniques and 

heart failure modalities in the ex vivo working model known as PhysioHeart™28. 

The platform would offer the possibility to examine cannulation and drainage 

under a physiological beating status. Once the results look promising and reveal a 

potential patient application, the lymphatic system should be more systematically 

studied in fresh human cadaver hearts.

Conclusions

It proved feasible to illustrate the porcine epicardial lymphatic anatomy in detail 

resulting in a map that enables identification of sites for drainage of lymph. The 

variability of the right system remains a challenge for identifying an appropriate 

drainage site. However, the left lymphatic trunk also facilitates partial evacuation 

of the right cardiac lymph. The proposed cannulation technique offers an accept-

able cannulation success rate to obtain cardiac lymph for analysis of metabolic 

changes.

Epicardial lymphatic imaging and mapping may enable sampling and drainage 

which will potentially contribute to the prevention and treatment of heart failure. 

However, additional research in beating heart pig models is indicated to further 

estimate its relevance. 

Real-time sampling for biochemical assessment and lymph decompression may 

contribute to prevent or mitigate imminent heart failure during open-heart 

surgery. 

1.  Mehlhorn U, Geissler HJ, Laine GA, Allen SJ. Myocardial fluid balance. Eur J Cardiothorac Surg 

2001;20:1220-1230.

2  Scallan J, Huxley VH, Korthuis RJ. Capillary fluid exchange: Regulation, functions, and 

pathology: Colloquium lectures on integrated systems physiology-from molecules to func-

tion, Morgan Claypool Publishers, 2010, 2, 1-94.

3. Laine GA, Allen SJ. Left ventricular myocardial edema.Lymph flow, interstitial fibrosis, and 

cardiac function. CircRes 1991;68:1713-1721.

4. Ullal SR. Cardiac lymph and lymphatics. Experimental observations and clinical significance. 

Ann R Coll Surg Engl 1972;51:282-298.

5. Foldi M, Braun P, Papp M, Horvath I. Changes in serum transaminase activity following 

myocardial damage due to lymphatic congestion. Nature 1959;183:1333-1334.

6. Lupinski RW. Aortic fat pad and atrial fibrillation: Cardiac lymphatics revisited. ANZ Journal 

of Surgery 2009;79:70-74.

7. Willman VL, Cooper T, Cian LG, Hanlon CR. Mechanism of cardiac failure after excision and 

reimplantation of the canine heart. Surg. Transplantation 1964;2:141.

8. Karunamuni G. The cardiac lymphatic system. Springer, 2013.

9. Norman S, Riley PR. Anatomy and development of the cardiac lymphatic vasculature: Its role 

in injury and disease. Clin Anat 2016;29:305-315.

10. Klotz L, Norman S, Vieira JM, Masters M, Rohling M, Dube KN, Bollini S, Matsuzaki F, Carr 

CA, Riley PR. Cardiac lymphatics are heterogeneous in origin and respond to injury. Nature 

2015;522:62-67.

11. Henri O, Pouehe C, Houssari M, Galas L, Nicol L, Edwards-Levy F, Henry JP, Dumesnil A, 

Boukhalfa I, Banquet S, Schapman D, Thuillez C, Richard V, Mulder P, Brakenhielm E. Selective 

stimulation of cardiac lymphangiogenesis reduces myocardial edema and fibrosis leading 

to improved cardiac function following myocardial infarction. Circulation 2016;133:1484-

1497.

12. Loukas M, Abel N, Tubbs RS, Grabska J, Birungi J, Anderson RH. The cardiac lymphatic system. 

Clin Anat 2011;24:684-691.

13. Vazquez-Jimenez JF, Seghaye M, Qing M, Liakopoulos OJ, Rosenbaum ML, Messmer BJ. Cannu-

lation of the cardiac lymphatic system in swine. Eur J Cardiothorac Surg 2000;18:228-232.

14. Riquet M, Souilamas R, Hubsch JP, Briere J, Colomer S, Hidden G. Lymphatic drainage of heart 

and lungs: Comparison between pig and man. Surg Radiol Anat 2000;22:47-50.



Process and quality control in use of isolated beating porcine slaughterhouse hearts140 141Feasibility of mapping and cannulation of the porcine epicardial lymphatic system for sampling and
decompression in heart failure research

VII

ch
a

p
t

er

15. Cooper DKC, Ye Y, Rolf LL, Zuhdi N. The pig as potential organ donor for man; in Cooper 

DKC, Kemp E, Reemtsma K, White DJG (eds): Xenotransplantation: The transplantation of 

organs and tissues between species. Berlin, Heidelberg, Springer Berlin Heidelberg, 1991, pp 

481-500.

16. Riquetl M, Hidden G. Lymphatic drainage of the right atrium and ventricle of the heart (27.2. 

91). Surgical and Radiologic Anatomy 1991;13:235-237.

17. Johnson RA, Blake TM. Lymphatics of the heart. Circulation 1966;33:137-142.

18. Feola M, Merklin R, Cho S, Brockman SK. The terminal pathway of the lymphatic system of 

the human heart. Ann Thorac Surg 1977; 24:531-536. 

19. Riquet M, Hidden G. Lymphatic drainage of the left atrium and ventricle of the heart (22.3. 

91). Surgical and Radiologic Anatomy 1991; 13:238-240.

20. Patek PR. The morphology of the lymphactics of the mammalian heart. Dev Dyn 1939;64:203-

249.

21. Eliška O, Eliškova M. Lymphatic drainage of the ventricular conduction system in man and in 

the dog. Cells Tissues Organs 1980;107:205-213.

22. Horneffer PJ, Gott VL, Gardner TJ. Swine as a cardiac surgical model. Swine in biomedical 

research 1986;1:321-325.

23. Swindle MM, Smith AC, Hepburn BJ. Swine as models in experimental surgery. Journal of 

Investigative Surgery 1988;1:65-79.

24. Ratajska A, Gula G, Flaht-Zabost A, Czarnowska E, Ciszek B, Jankowska-Steifer E, Nider-

la-Bielinska J, Radomska-Lesniewska D. Comparative and developmental anatomy of cardiac 

lymphatics. ScientificWorldJournal 2014;2014:183170.

25. Miller AJ, Ellis A, Katz LN. Cardiac lymph: Flow rates and composition in dogs. Am J Physiol – 

Legacy Content 1964;206:63-66.

26. Chuang GJ, Gao CX, Mulder DS, Chiu RC. Technique of right lymphatic duct cannulation for 

pulmonary lymph collection in an acute porcine model. J Surg Res 1986;41:563-568.

27. Leeds S, Uhley H. Measurement of lymph flow of the heart. Lymphology 1971;4:31-34.

28. de Hart J, de Weger A, van Tuijl S, Stijnen JMA, van den Broek CN, Rutten MCM, de Mol BA. An 

ex vivo platform to simulate cardiac physiology: A new dimension for therapy development 

and assessment. Int J Artif Organs 2011;34:495-505.



Process and quality control in use of isolated beating porcine slaughterhouse hearts142 143The cytoprotective capacity of processed human cardiac extracellular matrix

VIII

ch
a

p
t

erThe cytoprotective capacity of processed 

human cardiac extracellular matrix

B. Kappler1, P. Anic1, M. Becker1, A. Bader2,3, K. Klose1, O. Klein1,  
B. Oberwallner1, Y.H.Choi4, V. Falk2,3, C. Stamm1,2,3.

1  Berlin-Brandenburg Center for Regenerative Therapies (BCRT), Charité - Universitäts-

medizin Berlin, Berlin, Germany.

2  DZHK (German Centre for Cardiovascular Research), Partner Site Berlin, Berlin, Germany.

3  Deutsches Herzzentrum Berlin (DHZB), Augustenburger Platz 1, 13353, Berlin, Germany.

4  Department of Cardiac and Thoracic Surgery, Heart Center of the University, University of 

Cologne, Cologne, Germany.

Published in the Journal of Materials Science: Materials in Medicine

DOI:10.1007/s10856-016-5730-5

While the previous chapters mainly describe different strategies to improve quality and reli-

ability of the PhysioHeart™ platform, the following chapter represents an example for biolog-

ical-based technologies in regenerative medicine, which can be verified with ex vivo heart 

platforms like the PhysioHeart™.
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Abstract

Freshly isolated human cardiac extracellular matrix sheets (cECM) have been 

shown to support stem cell proliferation and tissue-specific lineage commitment. 
We now developed a protocol for standardized production of durable, bio-func-

tional hcECM microparticles and corresponding hydrogel and tested its cytopro-

tective effects on contractile cells subjected to ischemia-like conditions. Human 

ventricular myocardium was decellularized by a 3-step protocol, including Tris/

EDTA, SDS and serum incubation (cECM). Following snap-freezing and lyophiliza-

tion, microparticles were created and characterized by laser diffraction, dynamic 

image analysis (DIA), and mass spectrometry. Moreover, cECM hydrogel was 

produced by pepsin digestion. Baseline cell-support characteristics were deter-

mined using murine HL-1 cardiomyocytes, and the cytoprotective effects of 

ECM products were tested under hypoxia and glucose/serum deprivation. In 

cECM, glycoproteins (thrombospondin 1, fibronectin, collagens and nidogen-1) 
and proteoglycans (dermatopontin, lumican and mimecan) were preserved, but 

residual intracellular and blood-borne proteins were also detected. The median 

particle feret diameter was 66 µm (15–157 µm) by laser diffraction, and 57 µm 

(20–182 µm) by DIA with crystal violet staining. HL-1 cells displayed enhanced 

metabolic activity (39±12 %, P <0.05) and proliferation (16±3 %, P <0.05) when 

grown on cECM microparticles in normoxia. During simulated ischemia, cECM 

microparticles exerted distinct cytoprotective effects (MTS conversion, 240±32 %; 

BrdU uptake, 45±14%; LDH release, -72±7%; P <0.01, each). When cECM micro-

particles were solubilized to form a hydrogel, the cytoprotective effect was initially 

abolished. However, modifying the preparation process (pepsin digestion at pH 2 

and 25°C, 1 mg/ml final cECM concentration) restored the cytoprotective cECM 
activity. Extracellular matrix from human myocardium can be processed to yield 

standardized durable microparticles that exert specific cytoprotective effects on 
cardiomyocyte- like cells. The use of processed cECM may help to optimize future 

clinical-grade myocardial tissue engineering approaches.

Introduction

Organ-specific extracellular matrix preparations have been suggested 
to support tissue regeneration processes. We and others have recently 

shown that cardiac ECM (cECM) preparations stimulate the proliferation 

of cardiomyocyte- like cells, suppress apoptotic and necrotic cell death, improve 

post-infarct heart function, and help guide the lineage commitment of pluripo-

tent stem cells1–3. Our approach is to derive extracellular matrix from human 

myocardium via a 3-step decellularization protocol that preserves the major 

components, biologically active proteins and proteoglycans. We demonstrated 

that the cardiomyocyte-supporting activity of thus prepared cECM exceeds that 

of commercially available ECM products, but the freshly decellularized myocar-

dium was not processed further for preservation and potential application in 

the clinical setting. Naive decellularized cECM, as we previously used, is a very 

soft and fragile material that cannot be directly applied for coating of cell culture 

dishes or in vivo applications and studying cell behavior is difficult when they 
grow on and/or in unmodified cECM. We therefore evaluated different strategies 
to improve the cECM consistence so as to facilitate its handling for broader use in 

in vitro and in vivo studies. Specifically, the generation of cECM microparticles and 
cECM hydrogel was evaluated with the aim of improving its applicability without 

impairing its biologic activity.
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Methods

Tissue source

Left ventricular myocardium was collected from explanted hearts of five patients 
(two female, three male, aged 22–54 years) who underwent heart transplantation 

for end- stage dilated cardiomyopathy. All patients were in New York Heart Associ-

ation class II or IV, with a left ventricular ejection fraction <20 %, and were not on 

mechanical circulatory support. Hepatitis B or C and HIV infection were ruled out 

preoperatively. The study protocol conforms to the ethical principles outlined in 

the Declaration of Helsinki. Patients provided informed consent for the use of the 

tissue for research purposes, and the process of tissue collection was approved by 

the Institutional Review Board and ethics of Charite´ – Universitätsmedizin Berlin 

(EA4/028/12).

Myocardial decellularization

The tissue was harvested in the operating room under sterile conditions, immedi-

ately taken to the research laboratory and stored at 4˚C for nor longer than 48 h, 
before it was embedded in Tissue Tec O.C.T (Hartenstein, Würzburg, Germany) and 

cut into 300 µm thick slices using a CM 3050S cryostat (Leica, Wetzlar, Germany) 

at -15˚C. The resulting slices had a size of approximately 1 cm and were stored at 
-80˚C until further processing. Decellularization was then performed according to 
the protocol developed by Oberwallner et al.2,4,5. Briefly, tissue slices were incu-

bated for 2 h with lysis buffer (10 mM Tris, 0.1 % wt./vol. EDTA, pH 7.4) followed 

by SDS (0.5 % wt./vol. in DPBS-/-) incubation for 6 h under constant agitation 

at room temperature. Then, the slices were washed three times for 10 min for 

removal of SDS followed by an overnight.

cECM processing

To facilitate the handling and application of cECM, several strategies were evalu-

ated that modify the consistence of cECM without impairing its biologic activity. 

Attempts to disintegrate the fresh or frozen wet matrix manually using mortar 

and pestle or a hand-held tissue homogenizer in combination with ultrasonic 

treatment did not provide a standardized and reproducible quality of the cECM 

powder (data not shown). We therefore developed the following protocol: five 
decellularized matrix slices were placed in one tube of Precellys Keramik-Kit 1.4 

mm (PEQLAB Biotechnologie GmbH, Erlangen, Germany), snap-frozen in liquid 

nitrogen and lyophilized for 48 h. Then, a Minilys homogenizer (PEQLAB Biotech-

nologie) was used to pulverize the matrix in 6 runs per 1 min at 4000 rpm, with a 

1-min resting period on dry ice between runs. Following rehydration with ddH2O, 

the cECM suspension was filtered using a 200 µm transfusion filter system to 

remove larger particles and then lyophilized again for 48 h. The cECM powder was 

stored at -80˚C. For cell cultivation, the powder was rehydrated and suspended in 
DPBS or 0.02 % gelatine solution, respectively, so as to yield a final cECM concen-

tration of 1 mg/ml. For other sets of experiments, cECM hydrogel was generated 

based on previously published protocols6,7. Initially, 1 mg/ml pepsin from porcine 

gastric mucosa (Sigma Aldrich, Taufkirchen, Germany) was dissolved in 0.01 M 

HCl, incubated with 10 mg/ml hcECM particles at pH 1 for 48 h at 37 C under 

constant agitation, and neutralized to a pH of 7.4 with 1 M NaOH (‘‘hydrogel 

1’’). This hydrogel was applied at a final concentration of 10 mg/ml. Later, the 

protocol was modified: pepsin digestion was performed at pH 2 for 48 h at 25˚C 
and additional 109 DPBS was added during the neutralization step (‘‘hydrogel 2’’). 

Here, final concentrations of 1 mg/ml were used in the cell culture experiments. 

The resulting viscous pre-gel solution was incubated at 37˚C until gelation was 
completed (Fig. 1).

Figure 1 Masson’s trichrome stained human myocardium before (a) and after (c) decellularization, scale 

bar a C = 20 µm. b scanning electron microscopy of native myocardium in cross-section, 50-fold, scale bar 

500 µm; d SEM of cECM, 50-fold, scale bar 500 µm.
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cECM characterization

Microscopy

cECM was cryosectioned after fixation and sequential embedding in 15 and 30 % 

(wt./vol.) sucrose in DPBS, Tissue-Tek O.C.T. compound, and flash-freezing on 
dry ice/ethanol. Masson’s trichrome staining was carried out using the Accustain 

trichrome stain kit (Sigma-Aldrich). For scanning electron microscopy, samples 

were fixed with 2.5 % (vol/vol) glutaraldehyde in DPBS for 1 h at room tempera-

ture, washed with DPBS, dehydrated by graded acetone series (30, 50, 75, 90, 100 

%) and dried by critical point dryer, Baltec, Pfäfficon, Switzerland). Afterwards, 

dried samples were fixed on holders, sputter-coated with gold and visualized on a 

Hitachi S-2700 scanning electron microscope.

Mass spectrometry

To determine the cECM protein composition, liquid chromatography/electron 

spray ionization mass spectrometry (LC/ESI–MS) was used, where extracellular 

protein extracts were ionized, converted into the gas phase, fragmented and 

ordered according to their mass-to-charge ratio. Protein extracts were prepared 

from human cardiac extracellular matrix as described before8,9: pulverized cECM 

was processed in a buffer containing 4 % CHAPS, 50 mM TRIZMA base (Sigma-Al-

drich), 50 mM KCl, and 20 % wt./vol. glycerol at pH 7.5, as well as proteinase and 

phosphatase inhibitor cocktail (Complete, PhosStop; Roche Diagnostics, Mann-

heim, Germany). This solution was then sonicated on ice (129 for 20 s), and 

benzonase, magnesium chloride (5 mM), urea (6.5 M) and thiourea (2 M) were 

added. Then, 80 lg of the cECM extract were separated by sodium dodecyl-sul-

fate polyacrylamide gel electrophoresis (12 % SDS-PAGE) and stained using an 

MScompatible silver staining protocol10. Protein bands were excised from the gel 

and subjected to in-gel tryptic digestion. Peptides were analyzed by an ESI tandem 

MS/MS on a LCQ Deca XP ion trap instrument (Thermo Scientific, Waltham, 

MA, USA). Mass spectra were analyzed using MASCOT software v. 2.2 automat-

ically searching the SwissProt 51.9 database (531473 sequences; 188463640 

residues). MS/MS ion search was performed with the following set of parame-

ters: (1) taxonomy: homosapiens (human) (20,245 sequences), (2) proteolytic 

enzyme: trypsin, (3) maximum of accepted missed cleavages: 1, (4) mass value: 

monoisotopic, (5) peptide mass tolerance 0.8 Da, (6) fragment mass tolerance: 

0.8 Da, and (7) variable modifications: oxidation of methionine and acrylamide 

adducts (propionamide) on cysteine. No fixed modifications were considered. 

Only proteins with scores corresponding to P <0.05, with at least two independent 

peptides which were identified, were considered. The cutoff score for individual 

peptides was equivalent to P <0.05 for each peptide as calculated by MASCOT 

(version number 2.2). Subsequently, interaction network and enrichment analysis 

was performed via the open access tool String DB (http://string-db.org) with the 

interaction parameter required confidence medium (0.400) and active prediction 

methods Neighborhood and Co-expression Experiments. Enrichment analysis 

based on gene ontology terms was conducted by applying the following settings: a 

correction procedure were performed with Bonferroni P <0.05.

Particle staining for shape and size analysis 

Lyophilized cECM particles were fixed for 20 min at room temperature in 400 

µl 4 % paraformaldehyde. Thirty ml DPBS were added and particles were spun 

down by centrifugation for 10 min at 20,000 g. Then, the particles were resus-

pended in 500 µl of a 0.01 % crystal violet solution and incubated for 15 min at 

room temperature. Stained particles were centrifuged again and washed with 

DPBS. Washing was repeated (30 ml DPBS, 10 min centrifugation) until sufficient 

contrast was achieved. For methylene blue staining, the particle suspension was 

centrifuged at 8000 g for 40 min, incubated with 500 µl methylene blue staining 

medium and washed with DPBS until sufficient contrast was achieved.

Laser diffraction

To analyze the particle size distribution in the range of 1 µm–1 mm, laser diffrac-

tion analysis was used, and particle size was calculated according to the theory 

of Fraunhofer and Mie, where particle size is given as the diameter of a sphere 

of equal volume11. Processed cECM particles were dispersed in DPBS to set the 

optical concentration to 14.83 ± 0.7 %. For analysis, 7 ml of suspension was filled 

into a cuvette of the laser diffraction sensor system (HELOS, Sympatec GmbH, 

Krefeld, Germany). The stirring speed was set to 300 U/min, and measuring time 

was set to 10 s. Dispersing units or ultrasound was not used. The particles were 

measured by Sympatec GmbH with a helium–neon laser optical system (HELOS, 

Sympatec GmbH).

Dynamic image analysis

The QICPIC sensor and LIXELL dispersal system (Sympatec GmbH, Berlin, 

Germany) were used to analyze size and shape of hcECM particles by means 

of a combination of a high-speed CMOS camera and a high-performance signal 

processor. Two milliliters cECM/DPBS suspension was diluted with DPBS to an 

optical concentration of 1.8x10-3 ± 7x10-4. Frame rate and pump flow were set at 

175 Hz and 150 ml/min to measure particles for 60 s. For each particle, the shape 

factors sphericity and aspect ratio were calculated. The feret mean was measured 

for particle size analysis. Between 110,000 and 260,000 particles were analyzed 

per sample.
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Cell culture

Murine HL-1 cardiomyocytes, immortalized using the simian virus SV40 T-antigen 

under the control of an atrial natriuretic factor (ANF) promotor 12, were gener-

ously provided by Prof. William C. Claycomb (Louisiana State University, New 

Orleans, LA, USA) and used at passages 18 - 44. Cells were cultured in Claycomb 

medium with 10 % FBS, 100 U/ml penicillin and 100 µg/ml streptomycin, 2 mM 

L-glutamine, 100 µM norepinephrine and cultured on 0.02 % gelatine/5 µg/ml 

fibronectin-coated cell culture flasks at 37 °C and 5 % CO2 (all reagents from 

Sigma-Aldrich)13. Ninety-six-well plates were coated with 100 µl each of cECM 

or the respective control substance overnight. cECM was used as a microparticle 

suspension in DPBS or gelatine in a concentration of 1 mg/ml cECM powder or 

as hydrogel prepared as described above. HL-1 cells were cultured on cECM for 

19 h before being exposed to glucose/serum deprivation (simulated ischemia; 

glucose and FBS-free DMEM 11966, 1 % O
2
/5 % CO

2
) for 5 h in a Binder CB150 

incubator (CB150, Binder, Tuttlingen, Germany). For reoxygenation, the medium 

was replaced with fresh DMEM 31966 (high glucose) with 10 % FBS at 21 % O
2
; 

the same medium exchange was done with control cells not exposed to simulated 

ischemia (all reagents from Life Technologies, Carlsbad, CA, USA). Selected exper-

iments were performed using the high content imaging system Operetta with 

Harmony software (PerkinElmer, Waltham, MA, USA) for longitudinal visualiza-

tion of cell behavior. Selected experiments were also done with murine C57BL/6 

adult cardiac fibroblasts purchased from PELOBiotech, Planegg, Germany. They 

were cultured in DMEM (High Glucose), with GlutaMAX, pyruvate and 10 % FBS 

added (all from Life Technologies).

Cell behavior

Metabolic activity/viability

The CellTiter 96aqueous non-radioactive cell proliferation assay (MTS; Promega, 

Mannheim, Germany) was used for quantification of metabolic activity/viability. 

In metabolically active viable cells NAD(P)H-dependent oxidoreductase enzymes 

reduce MTS to light-absorbing formazan products. Twenty ll MTS/PMS solution 

was added to the medium, and cells were incubated for 4 h at 37 °C and 5 % CO2. 

Absorption was measured at 490 nm using the SpectraMax (Molecular Devices, 

Sunnyvale, CA, USA).

Cell necrosis

The fluorometric CytoTox-ONE™ homogeneous membrane integrity assay 

(Promega) was used to measure LDH release from necrotic cells with disrupted 

plasma membrane. One hundred µl CytoTox-ONE™ reagent were added to each 

well, agitated for 1 min and incubated at room temperature for 10 min. Then, fluo-

rescence was measured using the Mithras LB940 plate reader (Berthold Technol-

ogies, Bad Wildbad, Germany), with an excitation wavelength of 560 nm and an 

emission wavelength of 590 nm.

Apoptosis

The activity of the effector caspases 3/7 was measured using the Caspase-Glo 3/7 

assay (Promega); 50 µl Caspase-Glo reagent were added to each well and incu-

bated at room temperature for 1 h. Then, 80 µl medium per well was transferred 

to a white-walled plate, and luminescence was measured using a Mithras LB940 

plate reader (Berthold, Bad Wildbad, Germany).

Cell proliferation

Incorporation of bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU) during 

DNA synthesis was quantified using the colorimetric BrdU cell proliferation ELISA 

(Roche, Mannheim, Germany). A total of 1x104 cells/well were seeded in wells 

of a 96-well plate and cultured for 19 h. During simulated ischemia, the medium 

contained BrdU labeling reagent in a ratio of 1:100. Labelling media was removed 

and 200 µl/well FixDenat was added and cells were incubated for 30 min. Then, 

the media were discarded and 100 µm/well anti-BrdU-POD working solution was 

added and incubated for 1.5 h at room temperature. Antibody conjugates were 

removed by rinsing 3 times with 200 µl DPBS. Finally, 100 µl substrate solution 

was added and absorbance was measured using a SpectraMax plate reader (Molec-

ular Devices) at 370 and 492 nm as reference wavelength. All data from the above 

assays were normalized to the respective values obtained in wells with DPBS only 

and incubated in normoxia.

Statistics

Data are shown as mean ± SEM. All comparisons passed normality and equal 

variance testing before the significance was tested. Particle size data are given as 

median (x50) and 10 – 90 % interpercentile range (x10–x90). Differences between 

more than two groups were determined by one-way ANOVA with Bonferroni  

t test for multiple comparisons. For two-group comparisons, a two-tailed student’s 

t-test was performed, and changes over time were tested by two-way ANOVA with 

Bonferroni’s correction. GraphPad Prism v. 5.03 (GraphPad, La Jolla, CA, USA) was 

used for data analysis and plotting. A P value of P <0.05 was considered significant.
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Results

cECM processing

The 3-step decellularization process resulted in efficient removal of visible cellular 

material (Fig. 1). For details of the residual components of freshly isolated matrix 

slices and their biologic activity, please refer to our previous publications1,2. 

Neither the use of a hand-held homogenizer nor manual crushing with mortar 

and pestle in combination with ultra-sonication provided consistent micropar-

ticle quality (data not shown). However, when the Minilys homogenizer was used 

to pulverize lyophilized cECM slices consistent and reproducible results were 

achieved. The preparation process yielded approximately 40 mg freeze-dried 

cECM ‘‘powder’’ per g fresh cECM, which had a uniform macroscopic appearance 

and was easy to store and to rehydrate after thawing for use in cell culture systems 

(Fig. 2).

Particle morphology

To reduce particle transparency and facilitate imaging, cECM microparticles 

needed to be stained prior to dynamic image analysis. The initially used meth-

ylene blue staining caused inadequate reduction of the particle transparency 

with incomplete particle staining and hence underestimation of particle size 

(Fig. 3a). Crystal violet staining provided more consistent and reproducible 

results, with near-complete particle staining (Fig. 3b). cECM microparticles 

mainly had complex, non-spherical shapes (Fig. 4a). Both sphericity and aspect 

ratio of most particles were considerably less than one, with a high inter-particle 

shape variance. Laser diffraction (LD) and dynamic image analysis (DIA) yielded 

different results regarding the particle size distribution. As determined by LD, 

particle size density distribution was, as expected, unimodal with the highest 

particle density at 90 µm and a median particle feret diameter of 66 µm (15–157 

µm). By DIA, however, the particle size distribution appeared to be multimodal, 

with a median feret diameter of 57 µm (20–182 µm) when a 100 µm filter was 

used, and 200 µm (67–294 µm) when a 200 µm filter was used (Fig. 3c). This 

discrepancy is also reflected in the cumulative particle size distribution curve 

(Fig. 3d).

Figure 3 Dynamic image analysis for visualization of cECM microparticles stained with methylene blue 

(a) or crystal violet (b), and the corresponding dimension and shape measurements (right). Note the 

incomplete staining by methylene blue, resulting in incorrect measurements. Binary images (8bit, 256 

greyscales) were recorded using the QICPIC system and analyzed using WINDOX software (Sympatec, 

Clausthal-Zellerfeld, Germany). The software sets the sensitivity threshold according to image brightness. 

Recognized pixels are shown in red; the surrounding black pixels are visible at very high contrast, but 

are disregarded by the software because of their sub-threshold transparency. c Continuous distribution 

density and cumulative size distribution d of cECM microparticles, measured by dynamic image analysis 

(DIA) and laser diffraction. Here, LD data are compared with DIA data obtained after using a 200 µm 

filter. When a 100 µm filter us used, particle size by DIA is smaller (see text) (Color figure online).

Figure 2 a Gross morphology of cECM microparticles and cECM hydrogel (b). c–f cECM microparticle 

solubilization by pepsin treatment by phase-contrast microscopy, scale bar 500 µm; g–i hydrogel solid-

ification demonstrated by mixing the liquid hydrogel 1:1 with DMEM medium. Note the separation of 

cECM gel and medium after 90 min; j for comparison the same procedure performed with 4 mg/ml rat 

tail collagen I hydrogel.
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cECM composition

The results of the mass spectrometry analysis of processed cECM are summa-

rized in Table 1. As expected, several typical extracellular matrix components 

were present, such as collagen I, collagen IV, fibronectin, the fibronectin- and 

collagen- binding glycoproteins nidogen 1 and thrombospondin 1. Two isoforms 

of the essential proteoglycan lumican, which binds tightly to the adhesion protein 

laminin, were also detected, as well as mimecan and dermatopontin. Glyocosami-

noglycans (GAG) were not detectable by MS, although we did identify residual GAG 

when we previously characterized fresh cECM using a biochemical assay system, 

albeit in significantly reduced concentration2. Interestingly, MS also detected 

a number of obligatory intracellular or blood-borne proteins such as actin ([2 

isoforms), hemoglobin, complement C3, cathelicidin and clusterin, which were 

obviously residues of the decellularization process. This ‘‘contamination’’ with 

residual protein material did not become apparent when the result of the decellu-

larization process was previously evaluated with conventional assays for residual 

DNA and ECM proteins2. The results of the gene set enrichment analysis and func-

tional annotation are shown in Table 2 and Fig. 4b.

Table 2 Proteins in cECM indentified by mass spectrometry.

Score Matches emPAI Description

1648 37 14916 Hemoglobin fetal subunit beta OS=Bos taurus PE=1 SV=1

718 20 22341 Hemoglobin subunit beta OS=Tragelaphus strepsiceros GN=HBB PE=1 SV=1

316 12 0.79 Hemoglobin subunit delta OS=Ateles geoffroyi GN=HBD PE=1 SV=3

1344 46 43678 Hemoglobin subunit alpha OS=Bos taurus GN=HBA PE=1 SV=2

325 18 41915 Hemoglobin subunit alpha-2 OS=Bubalus bubalis PE=1 SV=3

1339 27 46388 Lumican OS=Bos taurus GN=LUM PE=1 SV=1

1160 34 32356 Apolipoprotein A-I OS=Bos taurus GN=APOA1 PE=1 SV=3

577 11 0.99 Pigment epithelium-derived factor OS=Bos taurus GN=SERPINF1 PE=1 SV=1

577 17 16103 Serum amyloid P-component OS=Homo sapiens GN=APCS PE=1 SV=2

534 16 0.87 Clusterin OS=Bos taurus GN=CLU PE=1 SV=1

530 11 0.91 Mimecan OS=Bos taurus GN=OGN PE=1 SV=2

431 11 23377 Apolipoprotein E OS=Bos taurus GN=APOE PE=2 SV=1

389 10 0.37 Angiotensinogen OS=Ovis aries GN=AGT PE=1 SV=2

232 4 0.05 Complement C3 OS=Bos taurus GN=C3 PE=1 SV=2

207 6 0.32 Alpha-1-antiproteinase OS=Bos taurus GN=SERPINA1 PE=1 SV=1

193 8 0.70 Actin, aortic smooth muscle OS=Bos taurus GN=ACTA2 PE=1 SV=1

177 5 0.06 Fibronectin OS=Bos taurus GN=FN1 PE=1 SV=4

145 5 0.36 Antithrombin-III OS=Bos taurus GN=SERPINC1 PE=1 SV=2

119 2 0.14 Dermatopontin OS=Bos taurus GN=DPT PE=1 SV=3

111 3 0.05 Collagen alpha-2(I) chain OS=Homo sapiens GN=COL1A2 PE=1 SV=7

94 1 0.32 Apolipoprotein C-III OS=Bos taurus GN=APOC3 PE=1 SV=2

94 1 0.19 Cathelicidin-1 OS=Bos taurus GN=CATHL1 PE=1 SV=2

86 2 0.22 Transthyretin OS=Bos taurus GN=TTR PE=1 SV=1

79 2 0.28 Glutathione peroxidase 3 OS=Homo sapiens GN=GPX3 PE=1 SV=2

69 1 0.02 Nidogen-1 OS=Homo sapiens GN=NID1 PE=1 SV=3

65 2 0.09 C-type lectin domain family 11 member A OS=Homo sapiens GN=CLEC11A PE=1 SV=1

62 1 0.02 Collagen alpha-2(IV) chain OS=Homo sapiens GN=COL4A2 PE=1 SV=4

Figure 4 a Selection of crystal violet-stained cECM microparticles as seen by dynamic image analysis. 

Note the relative uniformity of size and shape parameters. b Figure X: String DB analysis depicting the 

key components of cECM as identified by MS, which are mainly associated with the extracellular space 

(GO:0005615; red spheres P>0.05). Lines indicate interactions based on experimental-biochemical data 

(purple), on co-expression data (black), on database interactions (blue), and on co-expression (green). 

String DB required confidence: score >0.4 (Color figure online).
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Score Matches emPAI Description

59 2 0.04 Alpha-2-macroglobulin OS=Bos taurus GN=A2M PE=1 SV=2

57 1 0.12 Chloride intracellular channel protein 1 OS=Bos taurus GN=CLIC1 PE=2 SV=3

44 1 0.08 Protein AMBP OS=Bos taurus GN=AMBP PE=1 SV=2

43 1 0.03

Thrombospondin type-1 domain-containing protein 1 OS=Mus musculus GN=Thsd1 PE=2 

SV=2

43 1 0.07 Actin-like protein 6B OS=Bos taurus GN=ACTL6B PE=2 SV=1

42 1 0.05 Serum albumin OS=Bos taurus GN=ALB PE=1 SV=4

41 1 0.01 Cubilin OS=Mus musculus GN=Cubn PE=1 SV=3

40 1 0.08

Cyclic AMP-responsive element-binding protein 3-like protein 4 OS=Homo sapiens 

GN=CREB3L4 PE=1 SV=1

38 1 0.04

Sodium-dependent phosphate transport protein 2B OS=Bos taurus GN=SLC34A2 PE=1 

SV=1

35 1 0.05 Prothrombin OS=Bos taurus GN=F2 PE=1 SV=2

Note that, despite successful decellularization, numerous intracellular and blood-borne polypeptides are 

present, which may contribute to the tissue-specific effects of cECM. Abbreviations: Score, Mascot protein 

score: indicates the probability of a positive match between the recorded mass spectrometry data and the 

database protein sequence; Matches, matched MASCOT database queries; emPAI, exponentially modified 

protein abundance index: indicates the approximate relative quantity of the respective protein in the 

sample; OS organism name, GN gene name, PE protein existence; SV sequence version.

Cell response to cECM

As described before, HL-1 cells readily repopulated the surface of fresh decel-

lularized cECM slices (Fig. 5a). When HL-1 cell proliferation/metabolic activity 

was serially assessed by measuring the MTS conversion rate, the cell-supporting 

activity of cECM as compared to cells in standard culture was evident (Fig. 5e). 

cECM microparticles also facilitated the incubation of HL-1 cells in in standard 

2-D culture systems, as observed by routine light microscopy (Fig. 5b, d) as well 

as in the Operetta high content imaging system (Fig. 5c). After 20 h incubation 

under baseline normoxic cell culture conditions, HL-1 cells displayed a higher MTS 

conversion rate in medium containing cECM microparticles in suspension than in 

standard medium (139 ± 13 %, P<0.05), and even more so when cECM microparti-

cles embedded in gelatine were used to coat the well surface (158 ± 13 %, P <0.01, 

Fig. 6a). Similarly, the myocyte proliferation rate as determined by BrdU incorpo-

ration was higher in HL-1 cells cultivated in cECM microparticle/DPBS suspension 

(114 ± 3 %, P <0.05) or on cECM/gelatine coated wells (124 ± 5 %, P <0.05) (Fig. 

6b). A similar pattern was observed regarding LDH release, indicating cell necrosis 

with loss of plasma membrane integrity. Here, both cECM/DPBS suspension and 

cECM/gelatine coating induced less LDH release than the other preparations (Fig. 

6c). Moreover, end-effector caspase 3/7 activity as a measure of apoptotic activity 

was also reduced in the presence of cECM microparticles (Fig. 6d). Interestingly, 

the cytoprotective effects of cECM microparticles were even more pronounced 

when HL-1 cells were exposed to 5 h of hypoxia with glucose and serum depri-

vation as an in vitro model of myocardial ischemia. The MTS conversion rate of 

‘‘ischemic’’ HL-1 cells cultured in cECM microparticle suspension was more than 

twice as high as that in control experiments, and embedding cECM microparticles 

in gelatine coating improved the post-‘‘ischemic’’ metabolic activity by approxi-

mately 70 % (Fig. 6f). The presence of cECM microparticles also improved HL-1 

cell proliferation as evidenced by significantly higher BrdU incorporation rates 

(Fig. 6g). There was, in addition, a marked effect of cECM on LDH release during 

hypoxia with glucose and serum deprivation, indicating less necrotic cell damage 

(Fig. 6h). Similarly, effector caspase activity during simulated ischemia was lower 

in the presence of cECM (Fig. 6i). Overall, the beneficial effect of cECM micropar-

ticles was more pronounced in HL-1 cells subjected to ‘‘simulated ischemia’’ than 

in normoxic routine culture, indicating that cECM is particularly beneficial when 

cardiomyocyte-like cells are stressed, as frequently seen in the context of cell 

transplantation etc.

Table 3 Gene ontology (GO) annotation of identified protein spots in processed cECM (cellular component; 

P<0.05). The GO term ‘‘extracellular space’’ (GO:0005615 n = 16) extracellular region part (GO:0044421 

n = 18) are significantly represented in the data set.

GO_id Term Number 

of genes

p p, fdr p, Bonferroni

GO:0005615 Extracellular space 16 5.43E - 13 8.88E - 10 8.88E – 10

GO:0072562 Blood microparticle 7 1.17E - 10 9.54E - 8 1.91E - 7

GO:0070062 Extracellular exosome 17 7.75E - 9 2.25E - 6 1.27E - 5

GO:0044420 Extracellular matrix component 6 1.25E - 8 2.91E - 6 2.04E - 5

GO:0031012 Extracellular matrix 8 2.32E - 8 4.75E - 6 3.8E - 5

GO:0044421 Extracellular region part 18 6.48E - 8 1.18E - 5 1.06E - 4

GO:0060205 Cytoplasmic membrane-bound 

vesicle lumen

5 1.07E - 7 1.69E - 5 1.75E - 4

GO:0031983 Vesicle lumen 5 5 1.14E - 7 1.69E - 5 1.86E - 4

GO:0031988 Membrane-bound vesicle 17 1.84E - 7 2.51E - 5 3.01E - 4

GO:0005578 Proteinaceous extracellular matrix 7 2.65E - 7 3.34E - 5 4.34E - 4

GO:0031982 Vesicle 17 2.88E - 7 3.37E - 5 4.71E - 4

GO:0005576 Extracellular region 18 9.46E - 7 1.03E - 4 1.55E - 3

GO:0071682 Endocytic vesicle lumen 3 1.72E - 6 1.76E - 4 2.81E - 3

GO:0098644 Complex of collagen trimers 3 3.87E - 6 3.73E - 4 6.34E - 3

cECM hydrogel versus microparticle suspension

First, the potential cytoprotective capacity of cECM hydrogel prepared at pH 1 

(‘‘hydrogel 1’’) was compared to that of cECM microparticle suspension, commer-

cially available EHS matrix (Sigma-Aldrich, data not shown), and DPBS only. Since 
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the EHS matrix has an ECM concentration of 10 mg/mL, cECM gel and powder were 

used at equivalent concentrations. After 5 h of simulated ischemia, LDH release 

from HL-1 cells was significantly reduced (P <0.01) when cells were cultured in 

wells coated with cECM particles (67 ± 6 %) in comparison to wells coated with 

cECM hydrogel (104 ± 6 %) and DPBS (100±6 %) (Fig. 6k). Then, the hydrogel 

preparation was modified (‘‘hydrogel 2’’), which resulted in better cytoprotection 

during simulated ischemia. As seen in Fig. 6l, the ‘‘ischemic’’ MTS conversion rate 

was highest at a cECM concentration of 1 mg/ml, indicating that both the details of 

the hydrogel preparation process as well as the concentration of the final product 

significantly influence its biologic activity.

Cardiac fibroblasts

Selected experiments were also done to assess the behavior of murine cardiac 

fibroblasts (CF) in response to processed cECM. As shown in Fig. 6m, n, the MTS 

conversion rate of CF at normoxia increased and correlated with the dose of cECM 

microparticles added to the medium, while cECM hydrogel had no effect on CF 

metabolic activity/viability.

Figure 6 a–e Quantitative analysis of HL-1 cells cultivated in different systems at normoxia, in the pres-

ence or absence of cECM microparticles. a metabolic activity as reflected by the MTS conversion rate; b 

proliferation rate determined by BrdU incorporation; c cell lysis/ necrosis reflected by LDH release; d 

apoptosis as seen by effectorcaspase 3/7 activity. Note that the presence of cECM microparticles yields 

beneficial effects as seen in all assays. e representative phasecontrast photomicrographs. f–j behavior of 

HL-1 cells subjected to 5 h ‘‘simulated ischemia’’ (hypoxia and glucose/serum withdrawal) in the pres-

ence or absence of cECM microparticles. f metabolic activity as reflected by the MTS conversion rate; 

g proliferation rate determined by BrdU incorporation; h cell lysis/necrosis reflected by LDH release; i 

apoptosis as seen by effector-caspase 3/7 activity. Here, the beneficial effect of cECM appears even more 

pronounced than in normoxia. j representative phase-contrast photomicrographs. *P<0.05 versus DPBS 

or gelatine, respectively. k, l Effect of cECM processing into a hydrogel on HL-1 cell behavior in ‘‘simulated 

ischemia’’. k LDH release of cells cultured on cECM hydrogel that was prepared using pepsin at pH 1 for 

48 h at 37 °C, followed by neutralization with 1 M NaOH (‘‘hydrogel 1’’). Here, cECM hydrogel induced a 

higher degree of necrosis than cECM microparticles. l MTS conversion rate of HL-1 cells in ‘‘simulated 

ischemia’’ on ‘‘hydrogel 2’’, prepared at pH 2 for 48 h at 25 °C, with 109 DPBS added to the neutralization 

step. Here, the cytoprotective effect of cECM appears to be preserved. Control, standard culture medium 

and coating. *P<0.05 versus control. m, n MTS conversion rate of murine cardiac fibroblasts (CF) in the 

presence of different doses of cECM micropartciles (m) or hydrogel (n) or on gelatin-coated surfaces. Data 

were obtained at normoxia. *P<0.05 versus gelatin.

Figure 5 Morphology of HL-1 cells culti-

vated in the presence of cECM. a photo-

micrograph of HL-1 cells growing on 

the surface of a freshly isolated cECM 

slice. Masson’s trichrome staining, 

scale bar 100 µm. b HL-1 cells in 

culture with cECM microparticles. 

Note how cells preferably attach to 

cECM, scale bar 100 µm; c Well of a 

96-well plate imaged using the high 

content screening system. HL-1 cells 

are DAPI stained, scale bar 1400 µm; d 

confluent HL-1 cells grown on a cECM 

hydrogel-coated polystyrene culture 

dish, scale bar 75 µm. e Metabolic 

activity as a measure of proliferation 

of HL-1 cells cultured in the presence 

(cECM) or absence (control) of fresh 

cECM. P<0.0001 by two-way ANOVA 

with Bonferronis’s correction for 

repeated measurements.
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Discussion

The advantages of organ-specific extracellular matrix preparations for support 

of specific cell types in the context of regenerative medicine have recently been 

recognized. However, while products based on secreted ECM or from decellular-

ized animal tissue are widely used to support cell growth in vitro or to serve as 

scaffolds for organ/tissue replacement14–17, little is known about the charac-

teristics of decellularized tissue-specific human ECM. We previously developed a 

protocol for the preparation of human cardiac ECM from hearts explanted during 

transplantation, and showed that cECM supports the in vitro proliferation of 

cardiomyocytes and progenitor cells, and helps drive the differentiation of plurip-

otent stem cells along the cardiomyocyte lineage. This freshly prepared cECM is a 

very soft material with poor mechanical characteristics that is difficult to use in 

day-to-day laboratory work, and even less suited for potential future translational 

applications. We therefore sought to process cECM further to yield a more easily 

usable form, without sacrificing its biologic properties. Given that our initial aim 

was to avoid further chemical modifications, we used freeze-drying followed by 

pulverization and filtering to create cECM microparticles. As seen by mass spec-

trometry, those microparticles contained most of the ECM-related proteins that 

we previously detected in fresh cECM using specific assays. Interestingly, mass 

spectrometry as a screening assay also identified several residual intracellular 

cardiac and blood-borne proteins as residues of the decellularization process. 

While intact cells are completely and DNA almost completely removed, cellular 

proteins released during the process seem to remain trapped in the ECM. We feel 

that this finding supports the use of human material rather than animal tissue for 

ECM production and helps explain the differences in the immunologic response to 

decellularized human versus porcine material18, 19. At the same time, such residual 

cellular proteins may also be at least partially responsible for the unique properties 

of tissue-specific ECM as opposed to industrially produced secreted ECM, but this 

notion is difficult to prove. When cECM microparticles were further processed into 

a hydrogel with a consistency similar to that of commercially available, non-spe-

cific ECM products, the initial results regarding its bioactivity were disappointing. 

We then modified details of the pepsin digestion and neutralization process, and 

found that the cytoprotective effect could be restored. It is not surprising that an 

amide-bond endopeptidase that requires a very acidic pH induces changes to the 

cECM peptide composition that have consequences for its biologic activity. Pepsin 

digestion is part of the production process of several available ECM products, but 

not used in our 3-step protocol for primary decellularization. Based on our obser-

vations, we conclude that pepsin liquification of cECM microparticles is, in prin-

ciple, possible, but the process needs to be carefully adjusted so as to preserve 

cECM bioactivity. 

Ischemia is the principal cause for development of heart failure, and every therapy 

aiming at restoration of the myocardium must take this into account. Indeed, it 

has been shown that approximately 95 % of the transplanted cells die within 

the myocardium soon after implantation, and ischemic cell death is particularly 

relevant for modern cardiomyocyte replacement concepts19. We found that cECM 

may also help to increase the resistance of cardiomyocyte-like cells to ‘‘simulated 

ischemia’’, i.e. hypoxia and withdrawal of glucose and serum. While ischemia 

and/or reperfusion injury have traditionally been deemed strictly intracellular 

events triggered by ATP depletion and/or oxygen free radical (ROS) production, 

the interplay between ECM components and cardiomyocyte response to hypoxia/

ischemia has recently been acknowledged. In various in vivo models, the impact of 

ECM modulators such as MMP-2 (reviewed in20), TIMP 421, or CCN122 on post-isch-

emic myocardial remodeling and contractile functions has been determined, but 

direct and acute effects on myocytes subjected to simulated ischemia have also 

been described. For instance, Law et al23. reported that high molecular weight 

hyaluronic acid protects H9C2 cells from ROS-induced injury in vitro, and the 

intracellular actions of MMP-2 within cardiomyocytes have been summarized by 

Kandasamy et al24. Our data demonstrate that processed human ECM is also able 

to alleviate ‘‘ischemic’’ injury in cardiomyocytes, and may therefore be helpful in 

future myocardial regeneration strategies by protecting both exogenous, trans-

planted cardiomyocytes and potentially also intrinsic heart cells from the conse-

quences of ischemia. Determining the exact mechanism of action, i.e. the specific 

intracellular events that mediate the cytoprotective cECM effects is beyond the 

scope of this study. Various signaling cascades linked to surface membrane recep-

tors are involved in the antiapoptotic/ necrotic cell response to extrinsic stimuli 

in cardiomyocytes subjected to ischemic stress13, inducing changes in the global 

transcriptional and translational profile rather than singular molecular events. An 

overall beneficial impact of cardiac ECM products on the ischemic and post-isch-

emic heart has been described before4,25, but uniformly with cECM of animal 

origin. Given that we detected a variety of non-extracellular proteins present in 

processed cECM, we feel that clinical translation of cECMbased therapies should 

focus on human tissue. We will incorporate cECM in future cell-based myocardial 

regeneration protocols and are confident that it will help optimize the experi-

mental and ultimately the clinical outcome.
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Clinicians strive for perfection to ameliorate treatments and ultimately 

improve clinical outcomes for their patients by questioning the smallest 

details. From this perspective, it all starts with so called basic research and 

experiments that simulate patient pathophysiology. The easy solutions are already 

available, and the remaining challenges are based on newest basic science and 

technology developments in the area of biomedical engineering. Consequently, 

today’s cardiovascular therapies and treatments have become more complex and 

biological and are being driven by the field of regenerative medicine. Simultane-

ously, the public’s expectations are high, while regulatory standards have become 

even more strict in order to ensure patient safety.

These developments are reflected in the requirements for test-platforms, and 

this includes the PhysioHeart™. This isolated working slaughterhouse pig heart 

platform needs to pair equivalence for testing devices and drug therapy, and as a 

preclinical test platform equally, while at the same time rising to the challenges of 

safety, design and function. This starts with careful control of the specifications, 

quality performance and indications for use.

This study confirms that ex vivo revived slaughterhouse hearts can answer these 

needs, while at the same time reducing costs and time, in addition replacing 

partially unnecessary animal experiments. However, slaughterhouse-derived 

hearts are generally known to be difficult to revive due to their origin and the 

hostile circumstances associated with their harvesting and transportation.

This is reflected on two fronts. First, reliability and reproducibility, in particular 

the initial cardiac contractility and function which ranges from hypercontracted 

total heart failure to a strong contracting and relaxing heart, which on ultra-

sound shows ventricular walls touching during end systole. Secondly, the reduced 

survival time of ex vivo beating slaughterhouse hearts. Whereas survival times of 

72 hours1 of ex vivo revived lab animal hearts have been reported, the maximum 

period achieved with ex vivo slaughterhouse hearts is documented as being 8 

hours2 only. These handicaps limit the usability of these organs.

This thesis has got to the bottom of the origins of these impairments and has 

come up with a number of suggestions for further treatment approaches, partic-

ularly in relation to process and quality controls in use of isolated beating 

porcine slaughterhouse hearts, during the life cycle of the hearts with the aim 

of improving reliability and reproducibility. In addition, the close connection of 

slaughterhouse hearts with human donor hearts has not been overlooked. This 

general discussion summarizes our main discoveries and contemplates future 

investigations.

To the best of our knowledge, this thesis is the first considering that the limited 

duration of acceptable performance of normothermic hemoper-fused ex vivo 

slaughterhouse hearts bears a conspicuous resemblance to the cardiac physi-

ology of deteriorating human hearts in a multi-organ failure situation. It draws 

attention to the need for plasma clearance and blood conditioning as a treatment 

for the typical pathophysiology of the missing hepatic and nephrological plasma 

clearance in the isolated heart environment. In other words, we conclude that this 

pathology is omnipresent in the unconditioned isolated hearts in general, but due 

to the unfavorable prehistory of harvesting and transportation that is immediately 

conspicuous in slaughterhouse-derived hearts. The pathology is characterized by 

time-dependent biochemical plasma changes, which both indicate and result in 

degradation of cardiac function, represented by hemodynamic and electrophysio-

logical deprivation. The biochemical changes comprise increasing levels of metab-

olites, resulting in waste product intoxication (e.g. ammonia), while nutrient 

concentrations decline (e.g. free fatty acids), electrolytes increase and erythro-

cyte as well as myocard leakages occur, due to a gradual loss of tissue integrity 

followed by edema and consequent cardiac necrosis. As previously indicated, the 

initiation of prehistory-related reperfusion injury favors cardiac damage, leakage 

and gradual loss of function which is indicated by continuously increasing cardiac 

necrosis markers (e.g. a 6000-fold increase in troponin) in the blood plasma. 

Moreover, we identified specifically slaughterhouse-associated adverse effects 

(e.g. hyperpotassemia), which act as a negative inotrope and weaken the force of 

cardiac contractions. We also discussed that there are in theory pathological simi-

larities between electrical stunning and epileptic seizures (e.g. hypoxia).

To further understand, delay or even predict the declining ex vivo cardiac function, 

experimental and computational analysis were combined. Unipolar epicardial 

electrograms were acquired to calibrate populations of models and to appraise 

which cellular-level pathologies are responsible for abnormalities observed in 

organ level acquisitions. Once more high extracellular ions (e.g. potassium and 

calcium) were shown to be the most likely origin of abnormal electrograms and 

reduction in cardiac function. In the future, this proof of concept might allow the 

early detection of cellular pathologies to facilitate earlier conclusions and treat-

ments.

These discoveries call for blood conditioning interventions. While others have 

mixed blood with cell culture media3 or used plasma cross circulation from para-

corporeal animals1, 4, we have chosen the more practical solution of treating the 

blood by using hemodialysis, while taking the preclinical environment into consid-

eration. Similar to human studies5, 6 we have evidently shown the effectiveness of 

the hemodialysis intervention in the PhysioHeart™ platform on the preservation 



Process and quality control in use of isolated beating porcine slaughterhouse hearts168 169Discussion and future perspective

IX

ch
a

p
t

er

of contractility, function and extension of working isolated slaughterhouse hearts 

and the duration of their function. This was not only attributable to better electro-

lyte and metabolic control, but potentially also to a hemodialysis-induced increase 

in hematocrit, resulting in improved oxygen transport, which, at least tempo-

rarily, compensated the edema-associated increase of oxygen-diffusion distance. 

The coincidence of declining cardiac function and the decrease in perfusion indi-

cates once more that edema, which has numerous sources (e.g. reperfusion injury, 

inflammation, etc.), is one of the crucial limiting pathologies in the PhysioHeart™ 

platform.

Despite conditioned blood perfusion, high and unaltered baseline pump func-

tion variability and initial heart failures were still observed, a consequence of the 

prehistory of `random’ heart selection from slaughterhouse animals and from 

harvesting and its related issues as well as hypothermic transport. This empha-

sizes the key role of the prehistory as being decisive for reliability and reproduc-

ibility. For these reasons, a quality control step was explored in which cardio-

plegic effluent was examined for the presence of biomarkers during hypothermic 

cardiac transport in order to predict post-storage cardiac function and to further 

prevent unnecessary failed experiments. Metabolic markers (e.g. ammonia) were 

revealed as being valuable predictors for post-storage cardiac function, while 

damage markers (e.g. troponin) were found to be poor predictors. This approach 

to assessing cardioplegic biomarkers is feasible and enables the estimation of the 

effectiveness of organ protection prior to revival.

In this context, we appraised the related literature and developed directions for 

improvements for the standardization of the processes of isolated slaughterhouse 

heart experiments, in which we discussed additional process and quality control 

applications: firstly, the immediate post-harvest revitalization with arterial blood 

to verify cardiac viability and function, while restoring high energy phosphates; 

secondly, the subsequent verification of the homogeneity of the cardioplegia 

distribution with laser speckle imaging, thermal imaging or the addition of a dye 

to the cardioplegic solution. This would permit the online monitoring, detection of 

unprotected regions and consequently open the opportunity to reject unsuitable 

hearts on-site at the slaughterhouse7-9. The guideline also includes the abovemen-

tioned biomarker assessment of the cardioplegic effluent as the ultimate exclusion 

criteria prior to revival.

In this thesis we define edema as one of the critical limiting factors of ex vivo 

slaughterhouse heart perfusion. While edema can arise from different patholo-

gies, we disclosed a previously overlooked situation in which the cardiac epicar-

dial lymphatic system had been tied off during cannula connection to the heart. 

This lymph structure impairment supports fluid accumulation in the interstitium. 

Therefore, we mapped the epicardial lymphatics in detail and discussed various 

means of improving the possibility of cannulating the epicardial lymph vessels for 

future studies on biochemical lymph analysis and decompression.

Finally, as an example of promising applications in the field of regenerative medi-

cine, a study regarding the cytoprotective capacity of human cardiac extracellular 

matrix (ECM) was included. This study shows the protective value of extracellular 

matrix on cardiomyocyte-like cells under simulated ischemic conditions and has 

the potential for next generation application in cardiovascular tissue engineering 

and future devices and methods that will be evaluated in isolated heart setups. 

For instance, case reports describing the use of small intestinal submucosa extra-

cellular matrix (e.g. CorMatrix) in cardiovascular surgery, with the need for more 

studies to make protocols more robust and quantify the pathological process of 

tissue repair.10 In addition, the accompanying study shows that the ECM has the 

potential to extend the life expectancy of the ex vivo heart, as the ECM certainly 

changes during the experiments.

Future research perspective

The use of noninvasive techniques as tools for process and quality control in use 

of isolated beating porcine slaughterhouse hearts was valuable and should 

be expanded. It is recommended that guidelines should be followed, while other 

additional improvements are conceivable.

The use of thermal imaging and the combination of NIRS and speckle imaging in 

the slaughterhouse needs to be further investigated as these comprise valuable 

tools and are preferable to invasive cardioplegia supplementation with a dye.

During transport, clinically implemented methodology should be employed in the 

PhysioHeart™ platform. For instance, moderate hypothermia, differing composi-

tions of crystalloid cardioplegia, and even the use of blood cardioplegia are prom-

ising.

During normothermic perfusion, plasma concentrations must be kept physio-

logical and blood should be conditioned either by means of dialysis, new plate-

let-poor plasma or a similar complex medium.

Future experiments should also investigate the use of hemofiltration instead of 

hemodialysis, considering the management of the equipment.
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Using hemoglobin-based oxygen carriers (HBOCs) in isolated hearts has huge 

potential, which is not yet fully understood. The separation of inflammatory 

components, for instance leucocytes, cytokines and platelets, should be consid-

ered while the use of autoimmune depressing drugs (i.e. dexamethasone, pred-

nisone) is conceivable, as is using antibiotics and fungistatic medication to avoid 

infections.

The repertoire of predictive analysis can be extended by novel noninvasive anal-

yses of regenerative medicine, such as the analysis of circulating DNA (circDNA) 

or RNA (circRNA) in the blood.11 This could be used to infer conclusions about 

expression and thus on tissue remodeling. Moreover, it can be speculated whether 

circDNA can be also found in the cardioplegic effluent, similar those biomarkers 

shown in this study.

Finally, the delay or prevention of interstitial edema, which we think is the limiting 

circumstance of a series of pathological situations (see figure 1), and which cannot 

be prevented by hemodialysis only, should be given priority.
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Figure 1 Different reasons for edema.

Edema is one of the most abundant pathophysiology in the isolated heart environment. Various factors 

are known to lead to edema.



Process and quality control in use of isolated beating porcine slaughterhouse hearts172 173Summary

X

ch
a

p
t

erSummary



Process and quality control in use of isolated beating porcine slaughterhouse hearts174 175Summary

X

ch
a

p
t

er

The present thesis resulted from the ambition to improve the experimental use of 

the PhysioHeart™, an ex-vivo isolated porcine beating heart platform. The Phys-

ioHeart™ is a commercially available preclinical test platform, which is based on 

use of normothermic (≈37°C) hemoperfused isolated beating slaughterhouse 
porcine hearts. Depending on the filling status of the heart chambers the heart 

builds up pressure and can deliver physiological cardiac output up to 3–7 liters/

min. We considered the need for future testing, the expenses of testing and the 

expectations of a platform that claims to be a possible substitute for benchtop 

and animal testing. Therefore, high standards for reliability, reproducibility and 

duration of experimentation time for the PhysioHeart™ are required in order to 

conduct experiments for diagnostic and therapeutic purposes, including devices 

and drugs.

Therefore, the aim of this research was to further prepare this platform for future 

testing of the newest scientific and technological developments in the areas of 

biomedical engineering, pharma and regenerative medicine. This thesis explored 

ways to delay the time-dependent pump function degradation and to minimize 

the initial pump function variability, which is a common shortcoming of these 

platforms. Within this context, we opted for primarily studying the optimization 

of process and quality control parameters to preserve cardiac tissue by using 

currently available knowledge and technology, next to potential novelties for 

improvement.

Chapter 1 describes the increasing need for more and more effective ex-vivo 

preclinical platforms. In addition, this general introduction gives an overview of 

the associated technical requirements for an isolated working slaughterhouse 

heart platform.

We discerned three major stages and a number of process steps in the Physio-

Heart™ life cycle i.e. slaughterhouse, transport and reperfusion in the laboratory. 

In order to focus and to define research questions in the stages preceding the 

experimental phase, we first started to analyze the procedures and outcomes in 

the working phase after reperfusion. We used blood analyses, unipolar epicar-

dial electrograms, hemodynamic performance data and computational modeling, 

in order to describe and to interpret the degradation of cardiac function; this is 

presented in Chapters 2 and 3.

One of the inferences of these chapters is that ex-vivo hearts behave rather similar 

although in an accelerated way, to hearts in a multi organ-failure situation. Besides 

the effects of reperfusion injury and an inflammatory response, the absence of 

support of other organs and blood conditioning seems critical for the mainte-

nance of cardiac performance. This concept of organ supplementation has been 

described and challenged in Chapter 4 which discusses the use of hemodialysis 

for blood management. 

Despite the positive contribution of dialysis-like technology, initial pump function 

variations were still observed. These were explained by suboptimal harvesting 

and preservation. In Chapter 5 we propose and evaluate a method of assessing 

cardiac biomarkers in the cardioplegic effluent which makes it possible to assess 

cardiac injury due to ischemia. This early analysis of heart muscle damage enables 

to reject those hearts of which low post-storage cardiac function is likely. 

Chapter 6 contains a review of possibilities or lack of possibilities which favor 

standardization and continuous monitoring. These two approaches result in 

proactive corrections and preemptive measures. Timely instituted measures 

are described and can further improve the reliability and reproducibility of the 

isolated slaughterhouse heart experiments.

This thesis reports a novel method to mitigate the effects of interstitial edema and 

swelling of the heart, probably due reperfusion injury and exposure to the inflam-

matory response associated with the exposure to the circuit. These factors result 

in a progressive increase of interstitial leakage and edema. The time of occurrence 

and the degree of swelling of the heart announce the progressive loss of cardiac 

function and negatively determine the duration of the experiment. Therefore, in 

Chapter 7 mapping and cannulation of the cardiac epicardial lymphatic system 

were described, as a potential technique to delay impairment of the cardiac struc-

ture by reducing fluid accumulation in the interstitium.

Besides application of the common technology to mitigate the deleterious effects 

of isolated heart function and exposure to an extracorporeal circuit, we explored 

the effectiveness of early use of regenerative medicine principles to prevent and 

diminish cardiac ischemia. Chapter 8 presents a study that describes the cyto-

protective characteristics by the use of cardiac extracellular matrix particles. The 

PhysioHeart™ may be a promising test platform to study the immediate and short-

term effectiveness of these novel concepts to contribute to preservation and resto-

ration of cellular integrity and cardiac function.

Chapter 9 provides a general discussion of the research findings of this thesis 

and presents indications for future directions in terms of process and quality 

control in use of isolated beating porcine slaughterhouse hearts. Based on 

the adherence of these principles we explored novel insights from the entire area 

of isolated beating heart research including human donor hearts. In summary, we 
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conclude that ex-vivo isolated working heart platforms, including PhysioHeart™ 

are becoming useful technology in order to meet the increasing demands for the 

acute testing of novel medical products from biomedical engineering, pharma and 

regenerative medicine. The scale and reliability of its use depend on strict appli-

cations of current knowledge about preservation and optimal management of the 

reperfusion damage and multi-organ failure effects.

Samenvatting

Dit proefschrift is het resultaat van de ambitie om het ex-vivo kloppende en 

werkende normotherme varkenshart als onderzoeksplatform en het  PhysioHeart 

model in het bijzonder te verbeteren. Het PhysioHeart is commercieel beschik-

baar en gebaseerd op het gebruik van slachthuisharten die na het uitnemen met 

normotherme (≈37°C) eigen bloed worden gereperfundeerd. De harten gaan dan 
kloppen en afhankelijk van de vulling van de hartkamers gaat het hart ook een 

druk opbouwen en een zelfstandige cardiac output leveren van ongeveer 3 - 7 

liter/min.

Bij aanvang van de studie  voorzagen wij de toenemende behoefte aan cardiovas-

culair onderzoek, maar hadden ook de verwachting dat dit ex-vivo platform in 

vitro tests en dierstudies kan vervangen. Dit kan alleen als PhysioHeart™ testen 

een hoge mate van betrouwbaarheid  en reproduceerbaarheid bereiken en ook de 

minimale duur van de acute testen voldoende en voorspelbaar is. 

Het doel  van het onderzoek was om het platform te prepareren voor het testen 

van de nieuwste wetenschappelijke en technische ontwikkelingen  op het gebied 

van biomedische techniek, geneesmiddelen en regeneratieve geneeskunde. In 

deze thesis worden manieren onderzocht om de tijdsafhankelijke achteruitgang 

van pompfunctie te vertragen evenals de variatie in pompprestatie, die een typi-

sche tekortkoming zijn van deze platforms. Vandaar dat wij ons primair richtten 

op de optimalisering van proces- en controle maatregelen om de achteruitgang 

van het hartweefsel tegen te gaan en gebruik te maken van de reeds bestaande 

kennis. Meer dan op toepassing van mogelijke innovaties op dit gebied.

Hoofdstuk 1 beschrijft de toegenomen behoefte aan meer en effectievere 

ex-vivo,  pre-klinische platforms. Daarnaast worden in deze algemene intro-

ductie de technische voorwaarden beschreven voor een geïsoleerd werkend 

slachthuishart.

We onderscheidden drie belangrijke fases en inclusief  processtappen in de  Physio-

Heart™ lifecycle. Te weten, het slachthuis, het transport en het experiment zelf. Wij 

startten de beschrijving van deze stappen en de mogelijke tekortkomingen bij de 

uitvoering bij het experiment zelf. Van daaruit gingen wij terug naar de vooraf-

gaande fases. In de experimentele fase maakten wij gebruik van bloed analyse, 

epicardiale ECG’s, hemodynamische data en computersimulaties om het geleide-

lijke verlies van hartfunctie te beschrijven en te begrijpen. Dit wordt beschreven 

in hoofdstukken 2 en 3.
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Een van de gevolgtrekkingen van deze hoofstukken is dat de geïsoleerde ex-vivo 

harten zich gedragen als harten in een situatie van multi-orgaanfalen, zij het op een 

versnelde manier. Naast de effecten van reperfusieschade en de algehele ontste-

kingsreactie ten gevolge van het extracorporele circuit, blijkt de afwezigheid van 

vitale organen een grote rol te spelen bij het progressieve verlies van hartfunctie. 

Het concept van orgaan substitutie middels dialyse en bloedmanagement werd 

beschreven in hoofdstuk 4.

Hoewel het gebruik van dialyse, het stabiliseren van de elektrolytenbalans en 

Hematocriet leiden tot een verbeterde hartfunctie blijven er prestatievariaties 

bestaan voor hetzelfde hart als ook voor de verschillende harten. Deze worden 

verklaard door sub-optimaal oogsten en beschermen van het hart in het slacht-

huis. In hoofdstuk 5 bespreken wij het gebruik van biomarkers in het perfusaat 

uit de sinus coronarius, dat zich in het rechter atrium bevindt. De hoogte van de 

concentratie  biomarkers in dit perfusaat is een maat voor de schade die aan het 

hart is ontstaan in het slachthuis en tijdens het transport. Van de harten met een 

grote kans op slechte pompfunctie kan worden besloten deze niet te gebruiken 

voor het experiment. Hoofdstuk 6 geeft een overzicht van de mogelijkheden en 

onmogelijkheden om de hartfunctie te behouden of te verbeteren. Deze komen 

neer op  standaardisatie van de werkwijze  van slachthuis tot aan uitvoering het 

experiment. Daarnaast zijn continue monitoring en proactieve bijsturing van 

belang om de betrouwbaarheid en reproduceerbaarheid van het experiment te 

garanderen.

Dit proefschrift rapporteert een nieuwe methode om de effecten van interstitieel 

oedeem en zwelling van het hart te verminderen, waarschijnlijk als gevolg van 

reperfusieschade en blootstelling aan de ontstekingsreactie in verband met de 

blootstelling aan het circuit. Deze factoren resulteren in een toenemende toename 

van interstitiële lekkage en oedeem. De tijd van optreden en de mate van zwelling 

van het hart kondigen het progressieve verlies van de hartfunctie aan en bepalen 

negatief de duur van het experiment. Daarom werden in hoofdstuk 7 beschrijft 

een methode om het lymfesysteem van het varkenshart in kaart te brengen en op 

basis daarvan een dunne canule in te brengen die het overtollig vocht enigszins 

kan afvoeren in de interstitiële druk te verminderen. Het veronderstelde positieve 

effect van deze benadering moet middels nader onderzoek worden bevestigd.

Naast de inzet van de gebruikelijke technologie om de schadelijke effecten van 

het gebruik van geïsoleerde hart en een kunstmatige circuit te beperken, onder-

zochte wij of principes uit de regeneratieve geneeskunde om hartspiercelschade 

in een vroege fase te beperking ingezet zouden kunnen worden. Hoofdstuk 8 

beschrijft cel-beschermende effecten van cardiale extracellulaire matrix bij drei-

gende ischemie. Het PhysioHeart™ biedt goede mogelijkheden om de klinische 

effectiviteit van dit  soort innovatieve middelen te testen waarbij zowel behoud 

van weefsel integriteit als pompfunctie effectiviteitmaten kunnen zijn.

Hoofdstuk 9 geeft een samenvatting en discussie inzake de bevindingen van 

het proefschrift. Het onderzoek bevestigt de stellingname dat standaardisatie, 

het consequent toepassen van beschermende maatregelen en het opschalen van 

correctieve maatregelen op basis van goede monitoring de betrouwbaarheid en 

de duur van experimenten met het PhysioHeart™ platform verbeteren. Nieuwe 

werkwijzen en technologie uit de regeneratieve geneeskunde om ontstekings-

response en oedeemvorming te voorkomen zijn interessant. Ook kunnen erva-

ringen uit onderzoek naar de verlengde preservatie van donorharten worden 

gebruikt. Wij concluderen dat normotherme geïsoleerde en fysiologisch werkende 

varkensharten een groot toepassingsgebied hebben. Procescontrole en conse-

quent tijdig toepassen van meer of minder innovatieve en preserverende maatre-

gelen moeten ervoor zorgen dat voldoende voorspelbare kwaliteit en duur van het 

experiment wordt gegarandeerd. Deze maatregelen moeten primair gericht zijn 

op het beperken van reperfusieschade, oedeemvorming en de multi-orgaanfalen 

defecten.
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Zusammenfassung

Die vorliegende Arbeit entstand aus dem Bestreben heraus den experimentellen 

Einsatz der PhysioHeart™-Plattform, ein ex vivo Model für isolierte und schlagende 

Schweineherzen, zu verbessern. Die PhysioHeart™-Plattform ist eine im Handel 

erhältliche präklinische Testplattform, die auf der Verwendung von normothermen 

(≈ 37 ˚C) hämoperfundierten, isolierten, schlagenden Schlachthofschweineherzen 
basiert. Abhängig vom Füllungsstatus der Herzkammern baut das Herz Druck auf 

und kann eine physiologische Herzleistung von 3-7 L/min liefern. Wir haben die 

Notwendigkeit zukünftiger Tests, Testkosten und Erwartungen an solche eine 

Plattform, die ein möglicher Ersatz für Labor- und Tierversuche sein soll, berück-

sichtigt. Daher sind hohe Anforderungen an Zuverlässigkeit, Reproduzierbarkeit 

und Dauer der Experimentierzeit der PhysioHeart™-Plattform erforderlich, um 

Experimente für diagnostische und therapeutische Zwecke, einschließlich Geräte 

und Medikamente, durchzuführen.

Ziel dieser Forschung war es daher, diese Plattform für zukünftige Tests der 

neuesten wissenschaftlichen und technologischen Entwicklungen in den Berei-

chen der Biomedizintechnik, der Pharmaindustrie und der regenerativen Medizin 

weiter vorzubereiten. Diese Dissertation untersuchte Möglichkeiten die zeit-

abhängige Verschlechterung der Heizleistung zu verzögern und die anfängliche 

Variabilität zu minimieren, was ein häufiger Nachteil dieser Plattformen ist. In 

diesem Zusammenhang haben wir uns dafür entschieden, neben potenziellen 

Neuerungen vor allem die Optimierung von Prozess- und Qualitätskontrollpara-

metern zu untersuchen, um das Herzgewebe zu erhalten, indem wir das derzeit 

verfügbare Wissen und Technologien nutzen.

Kapitel 1 beschreibt den wachsenden Bedarf an immer effektiveren präklinischen 

ex vivo Plattformen. Darüber hinaus gibt diese allgemeine Einführung einen Über-

blick über die damit verbundenen technischen Anforderungen an eine Schlacht-

hofherzplattform.

Wir haben drei Hauptprozessschritte im Lebenszyklus der Schlachthofherzen in 

der PhysioHeart™-Plattform unterschieden, d. h. Schlachthof, Transport und die 

Reperfusion im Labor. Um die Forschungsfragen in den Phasen vor der experi-

mentellen Phase (Reperfusion im Labor) zu fokussieren und zu definieren, haben 

wir zunächst begonnen, die Ergebnisse während der Reperfusion zu analysieren. 

Dazu wurden Blutanalysen, unipolare epikardiale Elektrogramme, hämodynami-

sche Leistungsdaten und Computermodelle verwendet, um die Verschlechterung 

der Herzfunktion zu beschreiben und zu interpretieren. Dies wird in den Kapiteln 

2 und 3 dargestellt.

Eine Schlussfolgerung aus diesen Kapiteln ist, dass sich ex vivo Herzen ähnlich 

verhalten, wenn auch begünstigt, wie Herzen in einer Situation des Multiorgan-

versagens. Die Aufrechterhaltung der Herzleistung scheint neben der fehlenden 

Unterstützung anderer Organe (Blutkonditionierung) auch durch die Auswir-

kungen von Reperfusionsverletzung und Entzündungsreaktion beeinträchtigt zu 

sein. Dieses Konzept der Organunterstützung wurde in Kapitel 4 beschrieben 

und untersucht, in dem die Verwendung der Hämodialyse für die Blutbehandlung 

erörtert wurde.

Trotz des positiven Beitrags der Hämodialyse wurden immer noch Unterschiede 

in den anfänglichen Herzleistungen erfasst. Diese wurden durch suboptimale 

Herzisolation und -konservierung erklärt. In Kapitel 5 schlagen wir daher eine 

Methode zur Bewertung von Herzbiomarkern im kardioplegischen Abwasser vor 

und bewerten diese, die es ermöglicht, Herzverletzungen aufgrund von Ischämie 

zu bewerten. Diese frühe Analyse des Herzmuskelschadens ermöglicht es, dieje-

nigen Herzen auszusortieren, bei denen eine geringe Herzfunktion nach der Lage-

rung wahrscheinlich ist.

Kapitel 6 enthält eine Rezension der Möglichkeiten, die eine Standardisierung und 

eine kontinuierliche Überwachung der Prozesse von ex vivo Schlachthofherzplatt-

formen begünstigen. Diese Ansätze führen zu möglichen proaktiven Korrekturen 

und vorbeugenden Maßnahmen. Es werden zudem Maßnahmen beschrieben, die 

die Zuverlässigkeit und Reproduzierbarkeit der isolierten Schlachthofherzver-

suche weiter verbessern könnten.

Ferner berichtet diese Arbeit über eine neuartige Methode zur Abschwächung 

der Auswirkungen von interstitiellen Ödemen und Herzschwellungen, die wahr-

scheinlich auf eine Reperfusionsverletzung und Entzündungsreaktionen zurück-

zuführen sind, die durch den extrakorporalen Kreislauf hervorgerufen wurden. 

Diese Faktoren führen zu einer fortschreitenden Zunahme der interstitiellen 

Permeabilität und eines Ödems. Der Zeitpunkt des Auftretens und der Schwel-

lungsgrad des Herzens kündigen den fortschreitenden Verlust der Herzfunktion 

an und bestimmen die Dauer des Experiments negativ. Daher wurde in Kapitel 

7 die Anatomie und Kanülierung des kardialen epikardialen Lymphsystems als 

mögliche Technik zur Verzögerung der Beeinträchtigung der Herzstruktur durch 

Verringerung der Flüssigkeitsansammlung im Interstitium beschrieben.

Neben der Anwendung von bekannten Technologien zur Minderung der schädli-

chen Auswirkungen auf die Herzfunktion und der Auswirkungen des extrakorpo-

ralen Kreislaufs untersuchten wir die Wirksamkeit der regenerativen Medizin zur 

Verhinderung und Verminderung von Herzischämie. In Kapitel 8 wird eine Studie 



Process and quality control in use of isolated beating porcine slaughterhouse hearts182 183Summary

X

ch
a

p
t

er

vorgestellt, die die zytoprotektiven Eigenschaften unter Verwendung von extra-

zellulären Herzmatrixpartikeln beschreibt. Die PhysioHeart™-Plattform kann eine 

vielversprechende Testplattform sein, um die unmittelbare und kurzfristige Wirk-

samkeit dieser neuen Konzepte zu untersuchen und so zur Erhaltung und Wieder-

herstellung der zellulären Integrität und Herzfunktion beizutragen.

Abschließend enthält Kapitel 9 eine allgemeine Diskussion der Forschungsergeb-

nisse dieser Dissertation sowie Hinweise für künftige Forschungsausrichtungen 

in Bezug auf die Prozess- und Qualitätskontrolle bei der Verwendung von 

isolierten, schlagenden Schlachthofschweineherzen. Basierend auf der Einhal-

tung dieser Prinzipien untersuchten wir neue Erkenntnisse aus dem gesamten 

Bereich der isolierten Herzforschung, einschließlich menschlicher Spenderherzen. 

Zusammenfassend kommen wir zu dem Schluss, dass ex vivo isolierte funktionie-

rende Herzplattformen, einschließlich der PhysioHeart™-Plattform, eine nützliche 

Technologie darstellen, um den steigenden Anforderungen an die akute Prüfung 

neuartiger Medizinprodukte aus der Biomedizintechnik, der Pharmaindustrie 

und der regenerativen Medizin gerecht zu werden. Der Umfang und die Zuverläs-

sigkeit dieser Herzplattformen hängen strengstens von aktuellen Erkenntnissen 

über die Erhaltung, Auswirkungen und Behandlung von Reperfusionsschäden und 

Multiorganversagen ab.
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