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Abstract

Myocardial protection is a key determinant of outcomes in cardiac surgery and plays a 
critical role in minimizing ischemia- and reperfusion-related myocardial injury. Since the 
clinical introduction of cardiopulmonary bypass, cardioplegia has become the cornerstone 
strategy for achieving controlled cardiac arrest, enabling complex intracardiac procedures 
to be performed under safe and optimal conditions. However, ongoing advances in surgical 
techniques and perfusion technology, together with the increasing prevalence of elderly 
patients with multiple comorbidities, have necessitated continuous re-evaluation of 
myocardial protection strategies.

Contemporary cardioplegia approaches differ with respect to temperature management, 
solution composition, and modes of application, each aiming to balance effective 
myocardial metabolic suppression with surgical feasibility. Likewise, variations in delivery 
routes and application patterns have been developed to accommodate diverse anatomical 
and procedural scenarios. The evolution of cardioplegic solutions reflects an effort to 
address fundamental physiological requirements, including buffering acidosis, limiting 
ionic overload, and supporting myocardial energy metabolism during cardiac arrest and 
subsequent reperfusion.

Despite the availability of numerous cardioplegia techniques and solutions, no single 
approach has been demonstrated to be universally superior for all patient populations and 
surgical procedures. Consequently, optimal myocardial protection requires a physiology-
based and individualized strategy that considers the interplay between myocardial 
physiology, patient-specific vulnerability, and the complexity of the surgical intervention. 
A thorough understanding of the mechanisms underlying myocardial protection remains 
essential for minimizing myocardial injury and achieving optimal clinical outcomes in 
modern cardiac surgery.
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Introduction

The development of cardiopulmonary bypass has 
represented a fundamental milestone in the evolution of 
modern cardiac surgery, enabling controlled cardiac arrest 
and providing surgeons with a motionless and bloodless 
operative field through the use of a heart–lung machine 
that temporarily assumes the functions of the heart and 
lungs [1]. This technological advancement not only 
made complex intracardiac procedures feasible but also 
highlighted the need for effective myocardial protection 
strategies.

Since the emergence of cardiac surgery in the 
1950s, myocardial protection methods—particularly 
cardioplegia—have been extensively investigated. 
In parallel with the advancement of cardiac surgical 
techniques and perfusion technologies, myocardial 
protection strategies have continuously evolved through 
the contributions of surgeons and scientists. The 
invention of the heart–lung machine and the increasing 
awareness of ischemia–reperfusion injury have led to the 
diversification and refinement of myocardial protection 
approaches, ultimately shaping the modern strategies 
applied in current clinical practice [2].

In parallel with these developments, numerous 
techniques were introduced to induce controlled global 
myocardial ischemia as a surgical necessity. However, 
most of these early methods were abandoned over time. 
Currently, hyperkalemic cardioplegia is accepted as 
the gold standard for achieving myocardial arrest. This 
technique has profoundly transformed cardiac surgical 
practice and contributed significantly to procedural 
safety and success. In recent years, the increasing 
complexity of cardiovascular diseases and changes in 
patient demographics have necessitated longer and more 
elective periods of myocardial ischemia. However, one 
of the most critical phenomena observed during ischemia 
is the development of irreversible contracture resulting 
from adenosine triphosphate (ATP) depletion, a condition 
described as the “heart of stone” phenomenon [3]. This 
observation has driven extensive research aimed at 
optimizing myocardial protection strategies. As a result 

of these investigations, a hyperkalemic solution capable 
of rapid induction and easy reversibility of cardiac 
arrest has been developed and has become widely used 
in contemporary cardiac surgery practice [4]. This 
pharmacological arrest, termed cardioplegia, induces 
diastolic cardiac arrest by causing depolarization of the 
myocardial cell membrane [5].

1. Membrane Polarity as a Target in Cardioprotection

The cardiac action potential (AP) has five phases (0-4) 
and is distinct from other action potentials in the body. 
Phase 4 is the resting potential, and the baseline AP is 
approximately -90 mV. Depolarization occurs when 
the voltage changes from the resting potential of -90 
mV to a positive value. Repolarization occurs when the 
cell’s voltage returns from a positive value to the resting 
potential of -90 mV [6]. 

There are multiple types of K+ channels involved in 
AP. Cardiac myocytes are initially in phase 4, or resting 
potential, and passively open K+ channels maintain the 
voltage at approximately -90 mV, allowing positively 
charged K+ ions to exit the cell. These channels allow 
K+ to exit the cell during phase 4. In phase 0, sodium 
channels open at approximately -70 mV. The initial 
depolarization, between -90 mV and -70 mV, is caused by 
sodium and calcium ions entering the cell. Voltage-gated 
sodium channels open. These ions depolarize the cell 
to approximately +50 mV. These voltage-gated sodium 
channels close very rapidly after the cell depolarizes. 
When peak voltage is reached in phase 1, voltage-gated 
potassium channels open and move potassium out of the 
cell, reducing the voltage again. In phase 2 (plateau phase), 
potassium moves out of the cell and calcium moves into 
the cell, creating a net charge balance in the cell, creating 
a plateau. In phase 3, voltage-gated calcium channels 
close, and potassium efflux continues. This causes rapid 
repolarization, lowering the cell’s voltage to -90 mV and 
closing the already open potassium channel. Only the 
potassium channel, which slowly leaks potassium out of 
the cell, remains in the cell, and we return to the resting 
phase of the action potential, or phase 4 [6].



59

Myocardial Protection and Cardioplegia

1.1. Depolarized Arrest

Intracellular potassium levels play a crucial role in 
maintaining cardiovascular homeostasis. Physiological 
potassium levels below 16 mM produce a resting 
membrane potential of approximately -90 mV and 
hyperpolarize vascular smooth muscle [7, 8]. At the same 
time, increasing extracellular potassium concentrations 
(16–25 mM) shift the myocardial resting membrane 
potential to less negative values compared with baseline, 
typically from approximately −80 mV toward −50 mV 
[9,10].  At these values, cardiomyocytes inactivate fast 
voltage-gated sodium channels, preventing phase 0 of the 
myocardial action potential. In this depolarized state, Na⁺ 
ions enter the cell, and increasing Na⁺ levels trigger the 
reverse activation of the voltage-gated Na⁺/Ca²⁺ channel. 
As a result, three Na⁺ ions exit the cell and one Ca²⁺ ion 
enters the cell, resulting in intracellular Ca²⁺ overload. 
This ionic homeostasis changes impair cardiomyocyte 
contractility and excitability, leading to diastolic arrest 
[8].  However, this process can lead to ATP depletion, 
ROS formation, cell apoptosis, arrhythmias, and loss of 
contractility (Figure 1) [9]. 

1.2. Polarized Arrest

To overcome the adverse effects of depolarized arrest, 
researchers have developed the polarized arrest strategy 
by focusing on different techniques. The polarized arrest 

strategy aims to reduce myocardial damage by maintaining 
membrane polarity close to the resting potential. This 
method, achieved with the help of various pharmacological 
agents, results in lower energy consumption and 
metabolic needs of the heart compared to hyperkalemic 
solutions. The most commonly used polarizing agents 
include Na⁺ channel blockers, ATP-sensitive potassium 
(K-ATP) channel openers, calcium channel antagonists, 
and the ultra–short-acting β₁-adrenergic blocker esmolol 
[8]. Na⁺ channel blockers, such as lidocaine, procaine, 
and tetrodotoxin, act by blocking voltage-gated Na⁺ fast 
channels, thus preventing phase 0 of the cardiac action 
potential, which corresponds to rapid depolarization. 
During decreased blood and oxygen supply to the heart, 
activation of K-ATP channels by nicorandil, diazoxide 
and adenosine can decrease the duration of the action 
potential, reduce Ca²⁺ influx through L-type channels and 
release it from the sarcoplasmic reticulum, which strongly 
affects cardiac contraction (Figure 1) [11]. 

2. Ways of Application of Cardioplegic Solutions

Cardioplegia solutions are applied to the coronary 
arteries, causing electromechanical cardiac arrest. This 
provides a still and bloodless environment for surgeons. 
Cardioplegia can be administered antegrade, retrograde, 
or both [12].

Figure 1: Targets for achieving depolarized and polarized arrest [8]
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Antegrade means that the solution is administered 
directly through the right and left main coronary 
arteries—that is, in the normal anatomical direction of 
arterial flow. Antegrade cardioplegia is delivered via a 
cannula positioned in the proximal aorta, which typically 
incorporates three lumens: one for cardioplegic solution 
infusion, one for aspiration, and a third for continuous 
monitoring of intraluminal pressure. Continuous pressure 
monitoring during cardioplegia delivery is essential to 
minimize the risk of endothelial injury and reperfusion-
related damage associated with excessive infusion 
pressures [13].

Retrograde cardioplegia is employed in clinical situations 
where antegrade cardioplegia cannot be effectively 
administered, including aortic valve insufficiency, 
severe coronary artery stenosis, injury to the coronary 
ostia, or coronary artery bypass grafting procedures 
involving the internal mammary artery. In this technique, 
a cardioplegia catheter is positioned within the coronary 
sinus, allowing delivery of the cardioplegic solution in a 
retrograde direction [13]. A major limitation of retrograde 
cardioplegia is that the anterior cardiac veins do not 
drain directly into the right atrium, which may result 
in inadequate delivery of cardioplegic solution to the 
right ventricle and consequently suboptimal myocardial 
protection [14].

3. Applications of Cardioplegic Solutions at Different
Temperature

In practice, the most commonly used method is the 
application of cardioplegia with hypothermia. In the 
hypothermic state, cellular metabolism slows, and energy 
consumption decreases. It has been shown that cold 
cardioplegia can cool the heart to 10-15 degrees Celsius, 
exposing it to ischemia for approximately four hours. 
Hypothermia reduces myocardial metabolic demands; 
however, it may also lead to impaired enzyme activity, 
decreased cell membrane stability, and adverse effects 
on glucose utilization and ATP production [15]. Warm 
cardioplegia began to be used in 1977 and has been shown 
to improve oxygen delivery, reduce intercellular edema, 
and stabilize cell membranes. Because of the brain’s 
sensitivity to normothermia, perioperative neurological 
events are among the most feared complications of warm 
cardioplegia [16].

4. Continuous and Intermittent Cardioplegia

Continuous cardioplegia may contribute to meeting 
myocardial metabolic demands and facilitating the 
removal of harmful metabolites; however, it may reduce 
operative field visibility and prolong operative time due 
to extended application duration. In this context, the term 
“continuous” refers to the mode of delivery characterized 
by uninterrupted perfusion of the cardioplegic solution, 
independent of the route of administration (antegrade or 
retrograde).

In clinical practice, normothermic cardioplegia is most 
commonly applied using a continuous perfusion strategy, 
whereas hypothermic cardioplegia is generally preferred 
in an intermittent dosing pattern. Cold cardioplegic 
solutions, particularly long-acting preparations such as 
Del Nido and  histidine–tryptophan–ketoglutarate (HTK), 
are suitable for single-dose administration and can provide 
effective cardiac arrest for up to 90–180 minutes [16].  

5. Types of Cardioplegia

Cardioplegia is divided into two types: intracellular and 
extracellular. Extracellular cardioplegia solutions can be 
divided into two categories based on their composition: 
crystalloid and blood cardioplegia. An experienced 
surgeon selects the most appropriate solution for the 
patient, aiming to provide optimal cardiac protection 
while minimizing complications.

5.1. Crystalloid Cardioplegia

It has been used in cardiac surgery for over forty years 
[17]. It is divided into two types: extracellular solutions 
containing high concentrations of Na⁺, Ca²⁺, and Mg²⁺, 
and intracellular solutions containing low concentrations 
of Na⁺ and Ca²⁺. Extracellular solutions cause cardiac 
arrest by depolarization, while intracellular solutions 
cause cardiac arrest by reducing the resting membrane 
potential, preventing the generation of action potentials.

In pediatric cases, the most commonly used solutions are 
HTK based solutions and other crystalloid cardioplegic 
formulations. General features of crystalloid cardioplegia 
solutions generally include potassium content between 
10 and 40 mmol/L (mEq/L) and the frequent addition of 
bicarbonate [18].
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5.2. Histidine–Tryptophan–Ketoglutarate (HTK)

This solution, containing histidine, tryptophan, and 
ketogluterate, contains low concentrations of sodium and 
inhibits the fast phase of the action potential, leading to 
diastolic arrest [19]. Histidine, which acts as a buffer, 
prevents the pH drop in cold ischemic/hypoxic conditions. 
Tryptophan, which acts as a free radical scavenger, also 
provides cell membrane stabilization. Ketoglutarate 
acts as an energy substrate during reperfusion [20]. This 
solution provides myocardial protection for approximately 
4 hours after application, allowing the surgical procedure 
to proceed uninterrupted during this period.

5.3. Blood Cardioplegia

Buckberg and colleagues have demonstrated the many 
benefits of adding blood to cardioplegia solutions. 
Adding blood provides better oxygen delivery and pH 
maintenance. Intermittent administration is among its 
advantages, making it widely used in many clinical 
settings today [21].

5.4. Del Nido Cardioplegia

It is used worldwide for patients of all ages. Mannitol 
helps reduce myocardial edema, while sodium bicarbonate 
maintains intracellular pH. Lidocaine polarizes the cell 
membrane, reducing the adverse effects of hyperkalemic 
depolarization on the myocardium. (Table 1) [22].

Conclusion

Myocardial protection remains a cornerstone of 
contemporary cardiac surgery, and cardioplegia continues 
to be the most widely applied strategy for achieving 
controlled cardiac arrest. Despite decades of clinical 
experience, no single cardioplegic technique or solution 
can be considered universally superior. Each method 
presents distinct advantages and limitations that must be 
carefully balanced in clinical practice.

The choice between depolarized and polarized arrest, 
antegrade and retrograde delivery, hypothermic and 
normothermic application, as well as crystalloid and 
blood-based solutions, should be individualized according 
to patient characteristics, underlying comorbidities, 
myocardial vulnerability, and the complexity and 
duration of the surgical procedure. Surgeon experience, 
institutional protocols, and intraoperative conditions also 
play critical roles in this decision-making process.

Ultimately, the ideal cardioplegia strategy should provide 
effective myocardial protection while minimizing 
metabolic injury, ischemia–reperfusion damage, and 
procedural complications. A tailored, patient-centered 
approach that integrates physiological principles with 
surgical expertise remains essential for optimizing clinical 
outcomes in modern cardiac surgery.

Table 1.  Differences between Del Nido and blood cardioplegia [22]
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