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Abstract: Cardioplegic solutions play a major role in cardiac surgery due to the fact that they create
a silent operating field and protect the myocardium against ischemia and reperfusion injury. For
studies on cardioplegic solutions, it is important to compare their effects and to have a valid platform
for preclinical testing of new cardioplegic solutions and their additives. Due to the strong anatomical
and physiological cardiovascular similarities between pigs and humans, porcine models are suitable
for investigating the effects of cardioplegic solutions. This review provides an overview of the results
of the application of cardioplegic solutions in adult or pediatric pig models over the past 25 years.
The advantages, disadvantages, limitations, and refinement strategies of these models are discussed.

Keywords: pig model; animal model; cardioplegia; refinement; cardiopulmonary bypass; car-
diac surgery

1. Introduction

Cardioplegic solutions are essential in cardiac surgery since they create a silent operat-
ing field and protect the myocardium against extensive ischemic damage and ischemia-
reperfusion injury (IRI). Cardioplegia is defined as controlled-induced cardiac arrest [1,2].
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 [1,2]. 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 en-
ergy consumption of the myocardium is significantly reduced and ischemia tolerance is
increased [2]. In recent years, several different cardioplegic solutions have been devel-
oped [3,4], 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 proce-
dures [5]. 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
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valve/coronary bypass surgery [6]. Cardioplegic solutions must be adapted to this patient
population to provide sufficient myocardial protection and to minimize cardiac damage.

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 [7].

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 [8–10]. 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 [11,12]. 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 [13]. 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 [14,15]. Thus, the results obtained from pig
models can be transferred to humans [14].

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. Comparability of the Heart Anatomy and Physiology in Pig Models and Humans

The pig model has useful biometric conditions regarding the size and anatomy of the
cardiovascular system (heart, atria, aorta, femorales and jugulars, coronary vessels, and
coronary sinus) [16]. Furthermore, several physiological and hemodynamic similarities
exist between the cardiovascular system of pigs and humans [17]. The receptor profiles,
ion channels, sympathoadrenal innervation, coronary circulation, and electrophysiology
of the pig heart are comparable to those in humans [18]. A lack of volume or loss of
blood induced a comparable response in pigs and humans [18]. In response to cardiac
arrest and CPB support, it is necessary that the left ventricle ends at the apex, which
simplifies physiological measurements such as pressure-volume loops. The pig heart
shows limited collateral blood flow, which is analogous to humans and makes it ideal for
ischemia studies [19]. However, there is higher cardiac output in pigs, which results from
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higher heart rate and stroke volume. Furthermore, both parameters resulted from lower
hematocrit and oxygen transport capacity [20]. Despite these similarities, long-term follow-
up in pig models is considered problematic [19]. If juvenile animals are utilized, changes in
animal weight result in alterations in basic cardiac physiology. For example, the heart/body
weight ratio is approximately 5 g/kg in healthy humans and 25–30 kg in juvenile farm pigs.
However, this ratio decreases up to 50% in farm pigs exceeding 100 kg [19]. Interpreting
data obtained in pigs exceeding 100 kg is difficult and not comparable to the human
setting. Thus, studies investigating the effects of cardioplegic solutions in pig models have
good conditions for a high translation into the human setting. However, handling these
animals for longer follow-up periods requires either the use of special requirements for pig
husbandry, personnel staff, and institutional facilities.

4. Investigations in Adult Pig Models

A total of 42 studies reported the application of cardioplegic solutions in inducing
cardiac arrest during cardiac surgery of adult pig models (Supplementary Table S1).

The St. Thomas-based cardioplegia was investigated in 27 studies (St. Thomas I: n = 7;
St. Thomas II: n = 20), followed by 10 on blood cardioplegia, 9 on histidine-tryptophan-
ketoglutarate (HTK)-based cardioplegia, and 8 that did not specify crystalloid cardioplegia.
Cardioplegia induced by HTK-N (n = 2), Buckberg’s solution (n = 3), Del Nido (n = 1) and
Braile (n = 1) were investigated to a lesser extent.

Cardioplegia studies aimed to identify the solution with the best properties for the
human application. Therefore, direct comparisons of different cardioplegic solutions were
performed. Comparisons between St. Thomas I and II cardioplegic solutions have shown
enhanced functional recovery, better contractile efficiency, and improved energy status
with St. Thomas I cardioplegia [21–24]. The novel HTK-N solution stabilizes hemoglobin
and blood calcium levels, which can potentially increase kidney function [25]. Further-
more, HTK-N-induced cardioplegia resulted in fewer cerebral effects and inflammation
during CPB surgery than HTK and appeared to exert protective effects in the brain [26].
The comparison of HTK and St. Thomas II cardioplegic solution showed better preser-
vation of post-ischemic mechanoenergetic function and lower troponin T release with
St. Thomas II-induced cardiopelgia [27]. Additives such as adenosine [28–30], penta-
zocine [28], lidocaine [28], procaine [29], cyclosporine A (CsA) [26,31], pyruvate [32,33],
amrinone [34], cariporide [35], eniporide [36], aprotinin [37,38], nicorandil [39], H2S [40],
zink-bis-histidinate [41], germinated brown rice extract (GBR) [42], and diazoxide [43]
have been added to improve cardioplegic solutions. The addition of diaxozide, adeno-
sine, and nicorandil to cardioplegic solutions preserved ventricular function [29,39,43,44].
Meanwhile, treatment with H2S, pyruvate, zink-bis-histidinate, or a combination of adeno-
sine/lidocaine/pentazocine improved myocardial protection [33,40–42]. Pyruvate supple-
mentation in cardioplegic solutions also decreased CPB-induced myocardial inflamma-
tion [32]. Aprotinin is able to reduce IRI and myocardial tissue edema, and preserve the
vascular endothelial barrier [37,38]. A promoting effect on the coronary microcirculation
was reported for a Mg2+-enriched crystalloid cardioplegic solution when compared with
a potassium-enriched crystalloid cardioplegic solution [45]. GBR was reported to reduce
the lactate production in CPB surgery [42]. The phosphodiesterase III inhibitor amrinone
and CsA, which inhibits the mitochondrial permeability transition pore, promote cardiac
function during cardioplegia [31,34]. While amrinone promotes rapid and sustained car-
diac functional recovery by replenishing myocardial cyclic adenosine monophosphate [34],
low-dose CsA supplementation enhanced basal mitochondrial respiration and preserved
mitochondrial function, thereby diminishing the effects of IRI [31]. Inhibition of the Na+/H+

exchanger by eniporide and cariporide failed to show an effect on ventricular function or
myocardial damage [35,36]. The majority of the investigations have been performed with
an ischemic period ranging between 60–120 min (Supplementary Table S1) which correlates
with the duration of ischemic periods in human surgery. Only four studies on St. Thomas
cardioplegic solutions defined an ischemia duration of 30 min [30,46–48]. The on-pump
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reperfusion time varied between 10–180 min. A reperfusion period with a disconnection
from CPB device, called off-pump reperfusion, ranged between 30–300 min.

5. 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, including St. Thomas cardiople-
gia (n = 9), HTK (n = 4), Del Nido (n = 2), and Calafiore/blood cardioplegia (n = 4)
(Supplementary Table S2).

Direct comparisons between different cardioplegic solutions revealed that the modi-
fied Calafiore cardioplegia had a superior contractility after CBP surgery when compared
to HTK [49]. For adult pig models, additives such as ebselene [50], olprinone [51], diazox-
ide [52], and sivelestat [53] have been investigated. A reduction in myocardial IRI with
the antioxidants ebselene and olprinone has been proven [50,51]. Diazoxide protected the
integrity of the mitochondrial structure when applied to a cardioplegic solution [52]. The
neutrophil elastase inhibitor sivelestat reduced neutrophilic activation in the lungs and
improved oxygenation after CPB in 7 to 14-week-old pigs [53]. The pediatric pig models
investigated short-lasting ischemic periods of 10–45 min [54,55] as well as longer ischemic
periods of 60–120 min (Supplementary Table S2). The on-pump and off-pump reperfusion
periods ranged from 10 to 120 min and 30 min to 48 h, respectively.

6. Impact of Breeds, Strains, Age, and Sex

The species Sus scrofa domestica comprises several breeds that may vary in size and
appearance, and can be classified into farm pigs and minipigs [17]. Farm pigs include
breeds such as Yorkshire, Landrace, and Duroc. Minipig strains such as Yucatan, Göttingen,
and Hanford are attractive due to low body weight at birth, early sexual maturity, and
adult age. Their tissue properties are more mature and more resistant to surgical proce-
dures [17]. The majority of investigations of cardioplegic solutions in infant and adult
pig models have been performed in farm pigs. Only the groups of Sayk et al. [56] and
Wu et al. [28] performed experimental investigations on minipigs. Farm pig breeds differ
in their susceptibility to stress, growth rate, and fat content. In particular, susceptibility
to stress during the preoperative period could influence the outcome of cardiovascular
studies. Furthermore, their core body temperature and metabolism could differ slightly,
which results in a bias on outcome parameters between different breeds. The age of the
pigs had an indirect impact wherein the body weight of farm pigs rapidly increases with
age. Consequently, the heart/body weight ratio decreased as described in the section on
“Comparability of the heart anatomy and physiology in pig models and humans” and
leads to alterations in basic cardiac physiology.

The impact of the sex of the pig on the outcome of cardioplegia-induced effects is
unknown. Several studies have used pigs of both sexes to balance possible gender differ-
ences. However, there are also studies that exclusively used either male [40,41,49,57,58] or
female pigs [21,48,59–62]. This can be influenced by additional experimental factors. For
example, the withdrawal of urine in studies investigating kidney function during cardiac
cardioplegia is easier in female pigs due to their anatomical features. Therefore, these
investigations were performed only in female pigs. Thus, careful selection is necessary to
determine the suitable breeds, strains, age, and sex for this study.

7. 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.
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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.

Intraischemic temperature could have a critical impact on the development of IRI.
Therefore, monitoring of the cardiac temperature is recommended in the septum and left
and right ventricles.

Sample withdrawal should comprise all organ systems that could be affected by IRI
or supplements added to cardioplegic solutions. This allows for further investigation of
this research field.

8. Limitations of Pig Models

Numerous limitations have been reported in studies investigating cardioplegic solu-
tions for cardiac arrest. The restrictions relate to the small number of animals included
in the studies, time limits, randomization and blinding, comparability with the clinical
setting, study endpoints, and missing data and measurements (Table 1).

The most frequently mentioned restriction was the limited number of animals. In
principle, the number of cases for an animal study should be determined according to the
statistical calculation of the power and sample size, and is dependent on the primary and
secondary endpoints of the study. Financial or human resources should not influence the
sample size of the studies. Another limiting factor is the choice of the duration of the aortic
cross-clamp, reperfusion, and recovery/observation period. A sufficiently long period of
reperfusion is required for physiological weaning from CPB. However, pig models are
known to deteriorate over time. In addition, statements about molecular changes in the
organism can only be made with an appropriate duration of the reperfusion period, since
some parameters requires hours to change. This led to the trend that parameters or markers
are used for the analysis of cardioplegic effects that respond early and in a sensitive way
to cardioplegia-induced ischemia or in the early reperfusion period (e.g., translocation
of hypoxia-inducible factor 1α for oxidative stress or troponin T release into the blood).
Additionally, a short reperfusion or observation period increased the risk that the study
endpoints were not fully reached.

Implementation problems may arise when conducting the study in a blinded manner.
For example, while experimental observers may be blinded to the study groups, it may
be difficult to blind the surgeons or perfusionists when comparing crystalloid and blood
cardioplegic solutions. However, blinding of the experimenters is strongly recommended
to avoid biased results. Furthermore, simple or adaptive randomization is sufficient along
with the learning curves of the surgical team (veterinarians, surgeons, and perfusionists).

Another key limitation is the use of young and healthy animals that do not have
relevant clinical pathologies. Patients who undergo CPB surgery are usually older and
have several comorbidities. Multimorbid patients may be more sensitive to CPB surgery.
However, some of these effects can be reproduced in healthy animal models.
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Table 1. Limitations in pig models for cardioplegic arrest.

Limitation References

Animal number

limited number of animals [21,27–29,31,35,36,49,57–64]

Time limits

short cross clamping time [23,24,49,58]
short reperfusion/recovery time [23,25,27,28,31–33,38,60–62,64–66]

short observation period/no long-term follow up [26,32,59,63,65]

Randomization & blinding

no randomization [60,63]
surgeon/observer not blinded [37,60,63]

Comparability with clinical settings

use of young, healthy animals without clinically relevant pathology [21,23–25,29,31–33,44,57,61,64]
results not fully comparable with humans [26,29,44,49,58,67,68]

the use of neonatal piglets not allowed (animal protection requirements) [49,58]
standardization of interventions/no individual treatment [21,23–26,31,32,46,49,64]

model restricted to mild ischemia [35,48,66]
reperfusion phase departed from clinical normality [66]

Study endpoints

effect on study endpoint not fully reached [36,69]
endpoint not suited [56,62]

lack of measurement of end-point related parameters [26,50,68]
use of surrogate markers for endpoint measurement [26]

Missing data and measurements

missing control [32,50]
the number of tested factors in one study limited [24,57,65]

missing measurement/correlation with cardiac function [56,61,69]
myocardial temperature not monitored [55]

missing dose-response relationship for tested supplement [50]
missing pressure-volume measurements [21]

missing histological examination [62]
wrong time point of blood/biopsy withdrawal [44,60]

A further limitation results from the reduced oxygen transport capacity and hematocrit
of pigs, leading to increased blood flow. This may result in a significantly stronger left
ventricular wall, since it occurs in patients with pathological heart disease. The potassium
serum concentration in healthy pigs ranges between 4.6 and 5.8 mmol/L [70]. According to
Seutter et al., breed has no influence on potassium content in serum [71]. Despite the great
similarity between pigs and humans, the results of these studies cannot be fully adapted to
human medicine.

Particularly for pediatric applications, difficulties arise due to conflicts between new-
born animal models and animal welfare [49,58]. Hence, this study aimed to investigate
the following: (I) the choice of the appropriate animal model and duration of ischemia
and reperfusion, (II) a detailed study planning including the consideration of all relevant
factors and a statistical calculation of the sample size, and (III) a standardized operational
process to ensure good reproducibility.

9. Conclusions

Porcine models for testing cardioplegic solutions in cardiac surgery have been used
for the last 25 years, which generated information on cellular effects that could not be
obtained from human trials. These investigations comprised results for cardioplegia in
CPB procedures using adult and in infant porcine models in vivo. Different cardioplegic
solutions have been compared or supplemented with drugs or additives that promote cell
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stability and protection to diminish the effects of IRI. Furthermore, the major limitations of
pig models for investigating cardioplegic solutions are known. However, experimenters
and preclinical investigator teams are encouraged to reduce these limitations within an
experimental setting to achieve the best possible translation into the clinic.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9091279/s1, Table S1: Overview about investigations of cardioplegic solutions
in adult pig models, Table S2: Overview about investigations of cardioplegic solutions in pediatric
pig models.
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