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Cardioplegic solutions are essential in cardiac surgery since they create a silent operating field and protect the
myocardium against extensive ischemic damage and ischemia-reperfusion injury (IRI). Cardioplegia is defined as

controlled-induced cardiac arrest. A cardioplegic solution induces cardioplegia leading to reversible cardiac arrest.
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| 1. Introduction

Cardioplegic solutions are essential in cardiac surgery since they create a silent operating field and protect the
myocardium against extensive ischemic damage and ischemia-reperfusion injury (IRI). Cardioplegia is defined as
controlled-induced cardiac arrest 2, A cardioplegic solution induces cardioplegia leading to reversible cardiac
arrest. To create a bloodless surgical field, the heart should be excluded from circulation by aortic clamping. This
induces whole-organ ischemia of the heart, which can be tolerated for only a few minutes without additional
protection W2, The application of a cardioplegic solution increases the time of ischemic tolerance in the heart for
up to several hours. Furthermore, cardiopulmonary bypass (CPB) compensates for the pump function of the heart,

provides oxygen and nutrients to organs and tissues, and removes metabolites.

The basic principle of any cardioplegic solution is electromechanical decoupling, which influences the extracellular
and intracellular ion concentrations. With this, the energy consumption of the myocardium is significantly reduced
and ischemia tolerance is increased . In recent years, several different cardioplegic solutions have been
developed Bl which are based on either a crystalloid electrolyte solution or patients‘ blood with added
electrolytes. However, there are no national or international guidelines or recommendations for choosing
cardioplegic solutions for different cardiac surgery procedures Bl. Hence, the selection is largely based on the

personal preferences of the surgeon. Furthermore, this must be constantly adapted to new conditions.

Due to demographic changes, patients undergoing cardiac surgery are becoming older and sicker, which
necessitates complex cardiac procedures, such as combined heart valve/coronary bypass surgery (8. Cardioplegic
solutions must be adapted to this patient population to provide sufficient myocardial protection and to minimize

cardiac damage.
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2. Clinical Relevance of Data Analyzing Cardioplegic
Solutions in Pig Models

Due to the changing characteristics of the patient cohort and more complex surgical interventions in cardiac
patients, it is essential to investigate the effects of cardioplegic solutions. Furthermore, it is necessary to perform
structured comparisons and to identify the advantages of different cardioplegic solutions. Especially for new
compositions of cardioplegic solutions, adequate tests for their safety and efficiency are necessary. Also,
translational research requires testing new drugs in two independent species to fulfill the criteria of the application

for ethical and regulatory approval .

The pathophysiological processes that are induced by cardioplegic arrest of the heart and CPB are very complex
and also affect the kidneys, brain, gut, and lungs. If the effects of cardiac cardioplegia and CPB need to be further
investigated, invasive procedures, such as biopsy withdrawal, are necessary. For ethical reasons, it is not possible
to conduct studies, including extensive biopsy withdrawal, directly in humans. Hence, animal models are used.
Alternative methods to investigate the effects of cardioplegic solutions, such as cell cultures or isolated organs, are
not able to fully display the effects of surgical intervention and CPB, such as surgical trauma, blood loss, blood
contact with foreign surfaces and shear stress during CPB, inflammatory response to CPB, and changes in the
coagulation system BIEIL0 The animal model is therefore of particular clinical relevance. However, the ethical
consideration of the risk-benefit balance in animal experiments is significant. The benefit of information from a
study should always be greater than the expected risks and suffering of the animals. Throughout the entire study,
the focus must be on animal welfare along with the achieved results. Therefore, good experimental planning is
necessary, and the requirements of the study must be precisely defined to achieve satisfactory validity of the
results. Owing to the reproducibility of the study, it is important to investigate meaningful parameters in a targeted
manner 112 The first step is the selection of a suitable animal model that produces transferable results for future
human clinical applications. In many cardiac surgery studies, pig models have been established due to their special
anatomical and physiological similarities to the human heart 3. Thus, not only heart valves and coronary care are
comparable, but also the hemodynamics of the circulatory system. Furthermore, the responses to certain events,
such as the lack of volume, are very similar in pigs and humans 24131, Thus, the results obtained from pig models
can be transferred to humans 141,

This review provides an overview of the in vivo application of cardioplegic solutions in adult and pediatric pig
models over the past 25 years. This review focuses on the induction of cardioplegic arrest in CPB procedures,
except for the preservation strategies necessary for heart transplantation. Investigations in isolated pig hearts and
in vitro studies were excluded from the analysis. The advantages, disadvantages, limitations, and refinement
strategies of the pig models are discussed.

| 3. Investigations in Pediatric Models

Cardioplegic solutions have been used in pediatric surgery. Thus, pediatric pig models were used to investigate the

effects of the cardioplegic solutions. Sixteen studies reported the effects of different cardioplegic solutions,
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including St. Thomas cardioplegia ( n = 9), HTK ( n = 4), Del Nido ( n = 2), and Calafiore/blood cardioplegia ( n =
4).

Direct comparisons between different cardioplegic solutions revealed that the modified Calafiore cardioplegia had a
superior contractility after CBP surgery when compared to HTK 8. For adult pig models, additives such as
ebselene L7, olprinone 18], diazoxide 19, and sivelestat 29 have been investigated. A reduction in myocardial IRI
with the antioxidants ebselene and olprinone has been proven X8 Diazoxide protected the integrity of the
mitochondrial structure when applied to a cardioplegic solution X2, The neutrophil elastase inhibitor sivelestat
reduced neutrophilic activation in the lungs and improved oxygenation after CPB in 7 to 14-week-old pigs 29. The
pediatric pig models investigated short-lasting ischemic periods of 10-45 min 2122 55 well as longer ischemic
periods of 60—120 min. The on-pump and off-pump reperfusion periods ranged from 10 to 120 min and 30 min to

48 h, respectively.

| 4. Refinement Strategies

Several aspects could be considered to refine preclinical investigations of cardioplegic solutions in pig models. Due
to a special susceptibility to distress, it is necessary to avoid each conscious perceived stressful moment, such as
a noise or any painful handling. Transportation to the operating room should be kept as short as possible.

Intramuscular premedication consisting of midazolam, atropine, and ketamine is recommended.

To avoid the perception of any procedure-related pain, premedication of the sedated pigs (e.g., metamizole,

fentanyl, or sufentanil) and anesthesia maintained by propofol and fentanyl, respectively, sufentanil is indicated.

Excessive hemodilution can have a significant impact on the outcome. Therefore, the total volume of the
cardioplegic solution should be completely filtered. If blood donor pigs are included in the study, experiments
should be planned such that the blood of one donor pig could be provided to several surgically-treated pigs.
Furthermore, arterial and venous cannulas should be removed at the end of the CPB period, and the remaining

blood in the tubes of the perfusion system should be re-transferred to the pig.

Sample withdrawal should comprise all organ systems that could be affected by IRl or supplements added to

cardioplegic solutions. This allows for further investigation of this research field.
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