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ABSTRACT 

PART I 

Background: For over forty years, depolarizing, hyperkalemic cardioplegia solutions have served 

as the standard of care for cardiac surgery. While effective in inducing cardiac arrest, potassium-

based solutions are associated with an array of negative consequences, such as coagulopathies, 

conduction dysfunction, inflammation, coronary vasoconstriction, myocardial edema, and 

ischemic injury. Adenosine-lidocaine-magnesium, a non-depolarizing, non-potassium-containing 

solution, has recently entered the clinical arena. Animal research suggests that this agent may 

provide a method of diastolic arrest that is as effective as potassium-based cardioplegia but with 

improved protective benefits.  

 

Purpose: The aim is to assess the safety and efficacy of adenosine-lidocaine-magnesium as a 

cardioplegia solution in terms of overall patient outcomes. 

 

Methodology: In June 2014, Banner University Medical Center Tucson became the first 

American institution to adopt the use of PolarShot (ALM) – adenosine-lidocaine-magnesium - as 

a cardioplegia solution. This one-year, retrospective study compares patients receiving 

adenosine-lidocaine-magnesium to those receiving high-potassium/low-potassium cardioplegia 

during adult cardiac surgery. Cases compared in this study include isolated coronary artery 

bypass, isolated aortic/mitral valve repair/replacement, and combination coronary artery 

bypass/valve replacement surgery only. A propensity-weighted regression model was used for 

analysis to determine whether or not cardioplegia treatment affected clinical outcome. To assess 
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overall clinical outcome, major morbidity and mortality and post-procedural length of stay were 

chosen as primary endpoints. 

 

Results: In terms of treatment (adenosine-magnesium-lidocaine vs. high-potassium/low-

potassium), no statistically significant difference was found between groups in regard to major 

morbidity and mortality event occurrences nor was a significant difference found between post-

procedural length of stay. 

 

Discussion: After comparing postoperative outcomes between cardioplegia treatment groups, 

PolarShot (ALM) cardioplegia produced postoperative outcomes that were statistically similar to 

those of high-potassium/low-potassium cardioplegia. The confidence in these results is limited 

by low case volume, surgical case variability, and retrospective nature of this study.  

 

Conclusion: According to this propensity-weighted regression model, PolarShot (ALM) 

cardioplegia appears to be a safe and effective alternative to traditional potassium-based 

cardioplegia for the purpose of adult cardiac surgery. More research, including prospective 

randomized trials, is necessary to confirm or deny the findings of this study. 

 

PART II 

Background: Historically, surgical cardioplegia compounding was accomplished by filling 

patient-tailored prescriptions on-demand. Modern day compounding has become a 

manufacturing process to improve quality and accommodate physician demand. Additionally, 

sterile compounding standards have become more stringent, further necessitating a standardized 
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compounding approach. In 2013, scrutiny of sterile drug compounding increased with passage of 

the Drug Quality and Security Act (DQSA) and subsequent Federal Drug Administration 

oversight. This federal mandate requires all compounded sterile preparations distributed by 503B 

Outsourcing Facilities be tested for potency, stability, and sterility. To accomplish this, 

compounders must significantly reduce batched formula variability.  

 

Purpose: A review of 2014 sales data from a large 503B outsourcing facility and cardioplegia 

compounder will be conducted. The study will identify solution differences and detail its 

findings. The aim of this study is to assess cardioplegia variability on a national level. 

 

Methodology: Results will be summarized by cardioplegia strategy (Buckberg, high-

potassium/low-potassium, crystalloid, del Nido, Adenocaine, and microplegia), dilution strategy 

(4:1 blood-crystalloid, 8:1 blood-crystalloid, 1:4 crystalloid-blood, all-blood, and all-crystalloid), 

formula constituents (base solutions, additives, buffers), potassium concentrations. Any observed 

patterns in formula usage will also be reported, geographical or otherwise. 

 

Results / Discussion: Based on institutional use, high-potassium/low-potassium (two-solution) 

multidose strategy was the most common. Based on solutions ordered, the most common 

cardioplegia ingredient was potassium chloride, present in almost ninety percent (89.64%) of all 

units sold. After looking at potassium content, extensive variability was noted in terms of 

potassium added to the bag (undiluted) and potassium to-be delivered (post-dilutional). 

Additionally, unique solution formulations identified in multiple institutions were often found in 

neighboring states or within a single state. 
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Conclusion: The results of this analysis illustrate the extent to cardioplegia formula variability 

nationwide. Variability exists in both methodology and formulation on a state-to-state, 

institution-to-institution, even across-single-institution basis. This formula customization appears 

to be institution- and surgeon-specific, suggesting empirical influence in formula adaptation. 

Formula standardization may be necessary to combat the compounded issue of formula 

customization moving forward. 
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FOREWORD: THESIS STATEMENT 

PART I 

Purpose: To evaluate the clinical utility of a novel non-depolarizing cardioplegia solution, 

PolarShot (ALM). 

 

Objective: Since the 1980s, potassium-containing depolarizing cardioplegia has been the 

industry standard for cardiac surgery. Potassium-based solutions are associated with a myriad of 

risks. This study aims to investigate the clinical utility of a novel, non-potassium-containing, 

non-depolarizing cardioplegia known as PolarShot (ALM), i.e. adenosine-lidocaine-magnesium. 

 

Contribution: Banner University Medical Center Tucson is the first center in North America to 

employ the use of PolarShot (ALM) cardioplegia clinically. We are hopeful that the results of 

this retrospective analysis will determine whether or not PolarShot (ALM) as a cardioplegia 

solution is a safe and effective option for use in adult cardiac surgery. 

 

PART II 

Purpose: To explore the variation in cardioplegia solution use on a national scale. 

 

Objective: Cardiac surgery is one of the most standardized fields in evidence-based medicine. 

Cardioplegia use, however, plays by a different set of rules. Over the past thirty years, a 

business-driven model for pharmaceutical compounding has allowed for the cumulative 

adaptation of cardioplegia solutions used nationwide. In this study, national compounded 
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cardioplegia sales data will be explored and national cardioplegia variability assessed at the level 

of dosing strategy and formula contents.  

 

Contribution: By examining sales data from a national cardioplegia compounder, we hope to 

examine nationwide cardioplegia formula variability with a level of detail never before seen in 

literature. We hope that the results of this analysis provide the information necessary to open up 

the discussion on formula standardization and determine whether or not standardization is 

necessary for quality comparative research to occur. 
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CHAPTER 1: CARDIOPLEGIA AND THE ROLE OF ISCHEMIA-REPERFUSION INJURY 

Cardiopulmonary Bypass: Utility and Consequences  

The majority of cardiac surgery procedures worldwide are facilitated with the assistance of 

cardiopulmonary bypass. Cardiopulmonary bypass is a method of temporary life support in 

which the surgical patient’s path of blood is redirected outside the body, bypassing the heart and 

lungs. In most cases, this is accomplished surgically by central venous cannulation of the vena 

cavae and/or right atrium and arterial cannulation of the ascending aorta. Blood is drained from 

the right heart into an extracorporeal circuit, emptying into a holding reservoir before being 

pumped through a mechanical filter and oxygenator, subsequently sending oxygenated blood 

back into systemic circulation. Bypass minimizes the caveats of a beating heart and blood 

flooding the surgical field during the performance of cardiac surgery. 

 

Often, cardiopulmonary bypass is supplemented by a temporary method of cardiac arrest that 

acts to minimize metabolism. A cannula is inserted safely into the aortic root prior to application 

of the aortic cross-clamp. The cross-clamp is applied distal to the root cannula and proximal to 

the systemic arterial cannula. After clamping the aorta, a chemical arresting agent (known as 

cardioplegia) is rapidly infused into the aortic root, resulting in aortic valve closure, and direct 

infusion into the coronary arteries. The result is temporary cardiac arrest and minimized 

myocardial metabolism while the heart is starved of blood flow (ischemia). At the time of cross-

clamp removal, blood flow to the heart and lungs is restored (reperfusion). 

 

Cardiopulmonary bypass is associated with several postoperative pathologies including cardiac, 

pulmonary, neurologic, and renal dysfunction, hemodynamic instability, vasodilatory shock, 
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dysregulation of inflammatory and immune responses, coagulopathies, and myocardial 

infarction.1–3 These pathologies can have long-term consequences; luckily, improvements in 

candidate selection, preoperative patient optimization, surgical technique, and bypass circuit 

design have helped to minimize these consequences and improve patient recovery. 

 

The Pathogenesis of Ischemia-Reperfusion Injury 

One of the major downstream effect of cardiopulmonary bypass and, specifically, surgically-

induced cardiac arrest is a phenomenon known as ischemia-reperfusion injury. With the aortic 

cross-clamp applied, native blood flow to the coronaries is interrupted. This acutely ischemic 

period starves the cardiac myocytes of oxygen, cutting off the supply for aerobic respiratory 

demand and grinding adenosine triphosphate (ATP) production to a halt. Myocardial metabolism 

is left to depend on anaerobic processes, a non-sustainable mechanism in instances of prolonged 

ischemia.4–6 Consequential accumulation of harmful metabolites and reactive oxygen species, 

calcium loading, and intracellular acidosis are all precursors to myocardial muscle cell injury and 

apoptosis during surgical ischemia.1,7,8 Decreases in myocyte pH leads to ion accumulation in the 

cytosol, namely sodium and calcium.9,10 This cytosolic ion buildup causes increases in 

mitochondrial calcium, which can ultimately trigger downstream effects of apoptosis and cell 

death.11 

 

The reperfusion phase can be equally injurious. The restoration of normal extracellular pH 

precipitates a rapid influx of sodium ions into the acidotic myocardial muscle cell at the level of 

the sodium-hydrogen ion exchanger.4,9 Prolonged ischemia results in sodium/potassium ATPase 

dysfunction, causing the sodium/calcium channel to act in reverse. In order to repolarize the 
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myocyte, sodium efflux is necessitated by further calcium influx of the calcium-loaded 

myocardial muscle cell, literally adding insult to injury.8,12,13 Reestablished blood flow to the 

myocardium quickly reverses “no-flow” transmembrane gradients and anaerobic conditions.14–16 

This can result in cellular edema, hypercontracture, free radical production, in addition to 

activating platelets, inflammatory cells, and complement.4–6,17,18 

 

Ischemia-reperfusion injury begets deleterious outcomes correlated to postoperative 

hemodynamic instability and ventricular dysfunction.19,20 Many of the endpoints used to assess 

the extent of injury are qualitative indirect measures. In the perioperative phase, decreased 

cardiac output, requirements of ventricular and hemodynamic support, elevation of creatinine 

kinase, cardiac troponins, and lactate, extended postoperative intensive care unit (ICU) stay, need 

for cardioversion, poor sinus rhythm recovery after cross-clamp removal (requiring 

cardioversion or pacing), evidenced myocardial infarction, and death are all outcomes related to 

ischemia and reperfusion injury.2,21–25 

 

Cardioplegia: To Serve and Protect 

For the purpose of cardiac surgery, organ ischemia is an intended and – in many ways – a 

necessary evil. Intraoperative application of the aortic cross-clamp marks the time at which 

ischemia of the heart and lungs begins. Just after cross-clamping, the coronary vasculature is 

perfused with cardioplegia solution bringing all electromechanical activity of the heart to a halt. 

Traditional blood-cardioplegia follows a multidose strategy. The initial arresting dose is known 

as induction.12,26 Regular maintenance dosing preserves the state of dormancy.12 A final 

reperfusion/reanimation dose just prior to cross-clamp removal prepares the heart for 
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awakening.4,9 The ischemic phase ends with release of the aortic cross-clamp. The reperfusion 

phase begins as blood flow is restored to the cardiopulmonary system.  

 

An effective cardioplegia is one that quickly induces asystole and minimizes the damage of 

surgical ischemia and reperfusion. Cardioplegia is described as either extracellular or 

intracellular solutions, referring to the solution’s composition and whether ion content mimics 

that of the extracellular or intracellular fluid space. 

 

The vast majority (about 99%) of all cardioplegia used clinically in the United States are 

potassium-dependent extracellular solutions.15 Supported by over 40 years of clinical efficacy, 

these hyperkalemic (≥15 me/L) fluids provide rapid induction of diastolic arrest.8,15,27 By 

introducing an abnormally high concentration of potassium into coronary vasculature, the resting 

membrane potential of the cardiac myocyte (normally, -85 mV) is raised to -50 mV.8,15,28 This 

shift locks the transmembrane gradient at a voltage that exceeds threshold (-70 mV), resulting in 

failure to elicit the all-or-nothing response necessary for action potential propagation to 

occur.8,15,18 

 

An equally important task for cardioplegia is myocardial protection. By reducing calcium 

content and including calcium-antagonists like citrate phosphate dextrose (CPD), solutions can 

help prevent calcium loading in the myocyte, one of the major precursors to reperfusion 

injury4,29,30. Buffering agents are often added to solution to lessen the insult of acidosis that 

occurs during the ischemic period. Sodium bicarbonate, tris-hydeoxymethyl aminomethane 

(THAM), and blood are common cardioplegia additives purposed to buffer the intravascular 
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space.7,16,31 Blood is often used as a vehicle during cardioplegia administration, supplying 

intermittent oxygen and free radical scavenging capacity to the anaerobic environment of the 

cardiac muscle.5,32,33 

 

Cardioplegia: A Brief History of Clinical Use 

The history of cardioplegia is a tortuous one. Formulation dates back to 1955 when Melrose and 

colleagues first accomplished reversible cardiac arrest in canines by direct infusion of citrated 

potassium into the aortic root.4 The clinical success was short-lived, as the Melrose technique 

revealed serious morbidities after it was translated to a human model.28 Potassium arrest was 

temporarily put to rest in 1959, replaced by hypothermia, fibrillation, and non-potassium-

dependent techniques. One of the first crystalloid formulas to rise in popularity was 

Bretschneider solution in 1967.15 The mechanism of this intracellular cardioplegia depends on 

reduction of the transsarcolemmal sodium gradient.4,34  

 

After two decades of abandonment, potassium made a clinical comeback as an arrest agent in the 

early 70s.35 The 1970s and 1980s could be described as The Golden Age of cardioplegia 

research. This time period amassed thousands of papers and established many of the 

fundamentals in technique, dosing strategies, and formula content that we still employ today. 

Staged administration of cardioplegia, known as multidose strategy, began with all-crystalloid 

cardioplegia in 1976.12 That same year, Hearse et al. made famous their extracellular 

hyperkalemic solution, known today as St. Thomas solution.4,27 Just one year later, Follette, 

Buckberg, and colleagues popularized the idea of using blood as a vehicle in a multidose 

administration strategy.36 By the 1980s, Buckberg’s multidose approach became the industry 
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standard which continues to hold true today. Most early arrest strategies advised cold dose 

administration, until new interest in warm induction took shape in 1983.19 Having been used for 

many years as a means to treat acute myocardial infarction, glucose-insulin-potassium (GIK) was 

adapted for use as an all-crystalloid solution in the 1970s and 1980s.4 

 

Cold cardioplegia has withstood the test of time as the favored dosing temperature. As an adjunct 

to cardioplegia, hypothermic perfusion (generally, at 4ºC) adds a protective benefit in its ability 

to minimize metabolic demands of the myocardium during the ischemic period.6 Less common 

are warm approaches, known as warm induction, which maintain normal metabolic function and 

are associated with improved postoperative ventricular function.7,19,37 Normally, warm induction 

accompanies traditional staged multidose therapy. However, continuous warm blood 

cardioplegia delivered retrograde has also shown to be a safe and effective approach.30 

 

Dilution strategy has long been in constant flux. Most common is 4:1 blood-to-crystalloid 

dilution, made popular by Gundry, Buckberg, and colleagues as part of their multidose 

regimen.26 Buckberg later translated this approach into a less dilute 8:1 blood-to-crystalloid 

dilution.12 All-blood miniplegia and microplegia strategies have started to gain some traction 

since the 1990s. However, research is still non-conclusive on whether or not these approaches 

carry significant benefit in comparison to diluted blood-cardioplegia.4,32,33,38 One cardioplegia 

that has been catching fire, del Nido solution, employs a more dilute 1:4 blood-to-crystalloid 

method and can accomplish a lasting arrest with a single shot.29,39,40 
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Buckberg and Gundry led the discussion on the importance of combination antegrade/retrograde 

administration in order to accomplish adequate perfusion of all coronary vasculature.26 

 

Cardioplegia Composition and Theoretical Benefit 

Most cardioplegia solutions are cocktailed by admixing targeted additive amounts, adding in the 

base solution, and topping the rest off with sterile water until the desired final volume is 

achieved. Cardioplegia additives vary from solution to solution. However, all clinically-used 

cardioplegia solutions should carry constituents that are evidence-based in safety and efficacy. A 

cardioplegia formula should employ additives that are clinically evidenced to accomplish three 

main goals: achievement of reversible quiescence, reduction of metabolic demand, and 

minimization of damage caused by prolonged ischemia and reperfusion. 

 

Osmolarity 

Cardioplegia osmolarity is an important variable with regard to optimization of transmembrane 

fluid dynamics. Solutions that are isotonic (270-300 mOsm/L) and hypertonic (>300 mOsm/L) 

relative to extracellular fluid are evidenced in their ability to decrease myocardial edema and 

protect cardiac muscle function, particularly ventricular function.8,41 

 

Crystalloid-based solutions 

Base solutions are a fairly essential component for cardioplegia admixing as they often 

determine the osmolarity of the solution. Earlier all-crystalloid solutions often employed 

Ringer’s solution as the base. Two such formulas include Bretscheider’s solution and Roe’s 

solution, both low-sodium, intracellular solutions.27,34,42 Extracellular solutions regularly employ 
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saline as a base, keeping sodium and chloride in isotonic concentration. One such cardioplegia is 

St. Thomas’ no. 2 solution, also known by the propriety name Plegisol.6,43  

 

Magnesium is a common additive to crystalloid-based, acalcemic cardioplegia solutions. Its role 

as an enzyme cofactor has suggested that the inclusion of magnesium may preserve myocardial 

function. Controversially, current literature suggests that there may not be a benefit to adding 

magnesium.7,44,45 The introduction of procaine hydrochloride as a constituent in crystalloid 

solutions serves to aid in induction of arrest, reduce arrhythmias, and stabilize the myocardial 

membrane.6,46 St. Thomas solution is an extracellular solution with hyperkalemic and 

hypermagnesic properties.4,6,8 This solution includes procaine hydrochloride as a constituent. 

 

Blood-based solutions 

Buckberg and colleagues made popular the benefit of blood as a diluent for crystalloid 

cardioplegia. Blood-cardioplegia (4:1, 8:1) is associated with several evidence-backed claims. 

The blood vehicle serves to provide a native buffering ability, oxygen-carrying capacity, and free 

radical scavenging abilities.8,12 The decision to include citrate phosphate dextrose (CPD) in the 

formula was not only to serve as an anticoagulant but to chelate ionic calcium and minimize 

calcium loading in the myocyte.8,47 

 

Buffering agents are added to cardioplegia to reduce intracellular acidosis and lactic acid buildup 

in the myocardium. Natural buffers, often included in blood cardioplegia, include sodium 

bicarbonate, histidine, trihistidine and imidazole groups on proteins.7,8,42 Blood itself exerts its 

own buffering capacity as well.5,18 
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Amino acid-enrichment of warm blood-cardioplegia via monosodium aspartate (MSA) and 

monosodium glutamate (MSG) is hypothesized to provide energy intermediates. These additives 

supply substrates necessary for oxidative metabolism to persist in the ischemic heart. 

Theoretically, these additives improve myocardial recovery after ischemia and reperfusion 

damage.19,48 Today, MSA and MSG are common constituents in microplegia formulas. 

 

Combination of adenosine and lidocaine administered as blood-cardioplegia (“Adenocaine”) is a 

method of achieving polarized arrest. Adenosine slows conduction through the atrioventricular 

pathway producing asystole.4,9,49 It also activates potassium-ATPase channels, keeping them 

open and allowing ions to maintain equilibrium while the myocyte remains at rest.9,15,28 

Lidocaine blocks transmembrane sodium channels, thereby inhibiting depolarization of the 

contractile cell.15 

 

The Problem with Hyperkalemic Arrest 

Despite efforts made to increase the protective effects of cardioplegia, the fact remains that 

hyperkalemic depolarization of the heart muscle is well cited as a contributor to several 

perioperative pathologies.50 Hyperkalemia is associated with both calcium loading and sodium 

buildup in the cardiac myocyte.11 The adverse effects associated with hyperkalemic cardioplegia 

use include inflammatory dysfunction, coronary vasoconstriction, acute renal injury, and certain 

coagulopathies.15 Long-standing knowledge of these risks has fueled the hope that science will 

give rise to a non-potassium-dependent mechanism, capable of inducing a quick arrest while still 

providing adequate protection. 
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In recent history, adenosine-lidocaine-magnesium (ALM) solution has shown success in 

providing a non-depolarizing means to an end. Still in its research infancy, the zero-potassium 

formula shows promise in in vivo animal models, proving its ability to reversibly arrest cardiac 

muscle and providing clear cardioprotective benefits.13,50–53 New to the clinical arena, human 

research for adenosine-lidocaine-magnesium solution has only just begun.9,17 The following 

chapter will explore a single center’s experience using adenosine-lidocaine-magnesium as blood-

cardioplegia. In the one-year retrospective study, we compare patients who received a non-

depolarizing solution (adenosine-lidocaine-magnesium) and patients who received a depolarizing 

solution (high-potassium/low-potassium) in the context of cardiac surgery requiring 

cardiopulmonary bypass.  
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CHAPTER 2: A SINGLE-CENTER EXPERIENCE WITH A NOVEL, NON-DEPOLARIZING 

CARDIOPLEGIA, ADENOSINE-LIDOCAINE-MAGNESIUM 

Introduction 

In June 2014, a novel solution made its American debut in operating rooms of Banner University 

Medical Center Tucson. The center became the first in the nation to adopt the use of a non-

depolarizing, potassium-independent formula, known as adenosine-lidocaine-magnesium 

solution (ALM), in its cardiac surgery practice.  

 

High-Potassium/Low-Potassium Cardioplegia 

Background 

Traditional blood-cardioplegia accomplishes diastolic cardiac arrest by way of prolonged, 

reversible depolarization of the cardiac myocyte. The majority of cardioplegia formulas used 

clinically today were originally modeled after the early works of Gerald Buckberg.12,26,36 

Referred to by many as “Buckberg formula,” this multidose high-potassium/low-potassium 

(HKLK) strategy has grown to become the most highly regarded and most widely used 

cardioplegia of the past three decades. Diluted at a ratio of four-parts-blood-to-one-part-

crystalloid (4:1 blood-cardioplegia), Buckberg’s protocol calls for a staged-approach to 

cardioplegia administration.12 

 

Dosing Strategy 

 

Administration of high-potassium/low-potassium cardioplegia takes place in a two-solution, 

multidose strategy throughout surgery. The favored approach to HKLK cardioplegia 
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administration alternates antegrade/retrograde dosing to ensure even solution distribution and 

maximal myocardial protection.26 In patients with significant aortic insufficiency, handheld ostial 

cannula were recommended. For stretches of time where only retrograde dosing will be used, 

Buckberg suggested employment of right heart topical cooling for added protective benefit.12,26 

 

The first phase, induction, accomplishes rapid cardiac arrest by administration of a high-

potassium formula (“high K”) – a hyperkalemic, hypocalcemic, hyperosmolar solution – to the 

coronary vessels. Induction can be administered as either cold or warm cardioplegia.12,19 Warm 

induction solution is generally prepared at higher concentration than cold induction solution. 

While the purpose of cold induction is to reduce metabolic demand during prolonged 

intraoperative ischemia, warm induction functions to replenish lost energy stores in the cardiac 

muscle and even improve metabolism.19 Warm induction reduces the heart’s dependence on 

anaerobic metabolism, thereby reducing ischemic acidosis and lactate production.54 Warm 

dosing is also associated with improved recovery in the reperfusion phase.7,12  

 

Induction dosing with “high K” accomplishes rapid cardiac arrest via partial depolarization of 

the cardiac myocyte, raising the resting membrane potential, and inhibiting the ability of an 

action potential to propagate down muscle fibers.51 The goal of induction is achieving a 

quiescent state that is both sustained and reversible. By limiting contractile function, the basal 

metabolic demands of the heart are minimized.20 Metabolism can be further reduced by 

administration of hypothermic solution (4ºC) and topical cooling of the heart. Hypothermia also 

provides a cardiac protective effect by decreasing vulnerability to ischemia-reperfusion injury.7 
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The second phase, maintenance, is facilitated by a low-potassium formula (“low K”) – a 

normokalemic, isoosmolar solution – that supplements the induction dose by preserving 

extracellular hyperkalemic conditions, thereby prolonging arrest.4,55 Like induction dosing, cold 

administration of maintenance dose cardioplegia helps to supplement reduction of metabolic 

demand. 

 

Finally, just prior to cross-clamp removal, a reperfusate (“hot shot”) dose is administered at 

37ºC. In order to preempt the myocardium for the reperfusion phase, an additional dose of 

potassium functions to keeps the heart arrested while keeping metabolic demand low.15,41 

Reperfusate is meant to be delivered as a hyperosmolar solution (350 mOsm). Increased 

osmolality minimizes the risk of myocellular edema.8 

 

Potassium Insult: Known Consequences of Depolarizing Cardioplegia 

Potassium-containing cardioplegia is associated with a myriad of adverse effects. The 

extracellular solution locks the resting membrane potential at -50 mV, an irregular voltage for 

the cardiac myocyte. This environment encourages intracellular calcium loading as well as 

sodium buildup.9,15 Depolarized hyperkalemic arrest is known to cause ion abnormalities in the 

arrested muscle cell which can be problematic.7,8,51 Sustained activity of the sodium/potassium-

ATPase pump (Na+/K+-ATPase) during the ischemic period may not fully recover at the time of 

reperfusion.11 

 

Hyperkalemia has long been hypothesized as a contributor to a great many postoperative 

morbidities. Potassium-induced depolarization leads to calcium accumulation in the cytosol. 
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Calcium loading is a risky intermediate associated with the development of ventricular 

dysfunction. Hyperkalemic arrest can also be linked to postoperative coronary dysfunction, 

endothelial damage, coronary vasospasm, coronary vasoconstriction, inflammatory response 

activation, platelet aggregation, conduction dysfunction, arrhythmias, and myocardial stunning 

resulting in low cardiac output syndrome.15,28 

 

Adenosine-Magnesium-Lidocaine (ALM) Cardioplegia 

Background 

In an effort to avoid the deleterious effects associated with hyperkalemia, the search for a non-

potassium-dependent cardioplegia has long been a hot topic. After years of studying natural 

hibernators, Geoffrey Dobson translated his animal research to the clinical arena of cardiac 

surgery. Dobson’s formula, adenosine-magnesium-lidocaine (ALM), is a novel, non-depolarizing 

cardioplegia solution. This non-potassium-containing solution has a mechanism that induces 

diastolic arrest at the cardiac myocyte’s physiologic resting membrane potential. 

 

Adenosine is an endogenous nucleoside. It can be found in every cell of the body and provides a 

multitude of functions. Adenosine provides antiarrhythmic effects at the level of adenosine Ai-

receptors in the conduction pathway and is used as an agent in the reversal of supraventricular 

tachycardia (SVT).56 A rapid intravenous bolus of 3-12 mg of adenosine induces asystole and 

ultimately restores sinus rhythm. This is the mechanism by which adenosine achieves cardiac 

arrest as a cardioplegia additive. Additionally, adenosine provides other valuable properties. 

Adenosine keeps potassium-ATPase (K+
ATP) channels open in the cardiac myocyte, promoting 
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ion fluxes similar to that of normal resting membrane conditions to persist during arrest.15 

Adenosine also induces vasodilation, keeping vasculature open during coronary perfusion.15,53  

 

In terms of pharmacokinetics, the half-life of adenosine is less than ten seconds.8,56 For the 

purpose of cardioplegia administration, great care must be taken to ensure that adenosine reaches 

its target site prior to its rapid elimination in blood. To accomplish this, adenosine is dissolved 

and stored in an inert crystalloid solution (such as normal saline).51 Using a crystalloid vehicle to 

bolus adenosine at the site of action, blood exposure is minimized and therapeutic potential 

maximized. 

 

Lidocaine is a local anesthetic, Type IIb anti-arrhythmic, and sodium fast channel 

blocker.15,49,52,13 Lidocaine has also been shown to exhibit negative inotropic effects further 

reducing metabolic demand during the ischemic period.13 Both adenosine and lidocaine double 

as anti-arrhythmic agents and suppressors of neutrophil activity, suggesting an anti-inflammatory 

effect.49 In the myocyte, magnesium is a well-known natural calcium antagonist, exhibiting 

calcium action by blocking L-type calcium channels.55,45 

 

At high dose, ALM stabilizes the resting membrane potential of the myocyte to accomplish 

arrest. With the diastolic membrane potential “clamped” at around -80 mV, the myocyte cannot 

depolarize and myocardial contraction does not occur.49 At lower doses, ALM will reanimate the 

heart.15,51 It is delivered as microplegia or “all-blood” cardioplegia.15 

 

Microplegia: All-Blood Vehicle, Minimal Dilution 
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The dilution strategy for ALM incorporates a highly concentrated crystalloid solution into an all-

blood vehicle, known as microplegia. Microplegia is associated with many proposed benefits, 

though research is conflicting. Most obvious is a reduction in hemodilution and myocardial 

edema due to its reduced crystalloid volume.33,32 Microplegia offers a higher oxygen carrying 

capacity and blood buffering capacity than blood-crystalloid and all-crystalloid approaches.38 

Additionally, it provides superior antioxidant capabilities and require less crystalloid volume for 

dose efficacy.33,41 That said, microplegia is still very much in its infancy and its proposed 

superiority has already been met with skepticism.32  

 

A “More Physiologic” Diastolic Arrest: Proposed Benefits of Polarizing Cardioplegia 

Prolonged exposure to hyperkalemia and membrane depolarization promotes postoperative 

morbidity and can damage the heart muscle. By avoiding depolarization and by clamping the 

contractile cells at their physiologic resting membrane potentials, ALM induces an arrest that 

proponents claim is more natural and imposes less ion gradient dysregulation. This, theoretically, 

should reduce the extent of sodium and calcium loading that is precursory to cardioplegia-

associated postoperative morbidity. 

 

Animal studies have shown much promise for the potential benefits of ALM in the clinical arena. 

Early studies by Corvera et al. and Yamaguchi et al. were some of the first to explore the 

myocardial protective effects of polarizing solution in a canine heart. These studies revealed 

simplified cardioplegia formulations (adenosine-lidocaine and lidocaine-magnesium) to be 

capable of arrest and protection equivalent to that of hyperkalemic blood-cardioplegia, 

illustrating benefits of improved contractile function, less myocardial edema, and greater 
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spontaneous recovery.13,51 Some of the first to study the effect of all three constituents 

(adenosine-lidocaine-magnesium) used in combination were Djabir et al. Compared to saline 

controls, rats subjected to eight minutes of cardiac arrest demonstrated improved hemodynamics, 

less coagulopathies, and a survival benefit when treated with ALM.52 Granfeldt et al. aimed to 

study the protective effect of ALM in an endotoxemic porcine model. Compared to saline 

controls, the ALM group temporarily reduced metabolism and induced hypotension, as well as 

attenuating inflammatory response, and improving cardiopulmonary function.53 Renal function 

was seen to decline temporarily in the ALM group, but this effect was transient.53 

 

Due to its recent appearance in the cardiac surgery world, there is still much to uncover 

regarding ALM’s utility in the clinical world. A prospective, randomized trial conducted in 2013 

by Onorati et al. in Italy investigated the potential cardioprotective effects of ALM microplegia 

versus Buckbergian HKLK cardioplegia in the coronary artery bypass grafting surgical 

population.9,57 The ALM group was characteristic of significantly lower enzymatic markers of 

reperfusion injury. Postoperative systolic and diastolic function was likewise significantly better 

in the ALM group indicating improved post-ischemic myocardial recovery. The group concluded 

that the protective affects of ALM elucidated a greater protective effect against ischemic-

reperfusion injury than HKLK.9 

 

Hypothesis 

The null hypothesis of this study is that, as an intraoperative arresting agent, adenosine-

magnesium-lidocaine (ALM) all-blood microplegia is considered a safe alternative to high-
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potassium/low-potassium (HKLK) 4:1 blood-cardioplegia on the basis of 30-day major 

morbidity and mortality. 

 

Methodology 

Dosing Protocol: High-Potassium/Low-Potassium (HKLK) 

For cold induction, a 4:1 blood-to-crystalloid dilution of a high-potassium (HK) solution was 

administered antegrade at a rate of 300-350 ml/min over 120 seconds and a temperature of 4ºC. 

This was followed by a retrograde dose of 4:1 high-potassium (HK) solution administered at a 

rate of 200-300 ml/min over 120 seconds and a temperature of 4ºC. If myocardial activity is still 

observed, additional dosing is permissible. 

 

For maintenance, a 4:1 blood-to-crystalloid dilution of a low-potassium (LK) solution was 

administered antegrade at a rate of 300-350 ml/min over 120 seconds and a temperature of 4ºC. 

This was followed by a retrograde dose of 4:1 low-potassium (LK) solution administered at a 

rate of 200-300 ml/min over 120 seconds and a temperature of 4ºC. If myocardial activity is 

observed, additional dosing is permissible. 

 

For warm reperfusion, just prior to cross-clamp removal, a 4:1 blood-to-crystalloid dilution of a 

low-potassium (LK) solution was administered antegrade at a rate of 300-350 ml/min over 90 

seconds at a temperature of 37ºC followed by a retrograde dose at 150-200 ml/min over 90 

seconds at 37ºC. 

 

Dosing Protocol: Adenosine-Lidocaine-Magnesium (ALM) 
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The form of adenosine-lidocaine-magnesium (ALM) intended for cardiac surgery must be 

compounded at an exceptionally high dose. At the bedside, a rapid 6mg intravenous infusion of 

adenosine is capable of correcting supraventricular tachycardia. In this case, adenosine induces a 

fleeting form of asystole that serves to press “pause” on the cardiac conduction system and 

overworked heart muscle. This pause generally lasts between 1-2 seconds before rhythm is 

restored at a much more physiologic rate.  

 

Unlike bedside therapy, the goal in surgery is prolonged cardiac arrest. The therapeutic effect is 

achieved by way of a highly-concentrated ALM solution administered for longer durations of 

time in a staged-administration, multidose regimen. The solution is not pharmacy admixed in-

house but rather compounded and distributed from a licensed outsourcing facility. It arrives in a 

sterile bag – labeled “PolarShot ALM (Dobson Solution)” – and contains 80mL of 2% citrate 

phosphate dextrose base solution, 0.8g lidocaine hydrochloride, 8g magnesium sulfate, and 0.4g 

adenosine. This bag is highly concentrated and administered as all-blood microplegia.  

 

To titrate ALM doses appropriately and accurately, our center uses the Quest Myocardial 

Protection System (MPS2). From the disposable delivery set, both the green (additive) and 

yellow (arrest) sterile cassettes are retrieved. Fill a syringe with approximately 50ccs of ALM 

crystalloid solution. Transfer the solution to the green (additive) cassette by attaching the syringe 

to the cassette delivery line. Slowly, fill the bag by pushing ALM solution into the cassette 

retrograde; be careful not to introduce any air. While optional, the yellow (arrest) cassette can be 

filled with potassium chloride solution as an adjunct arrest agent. Hyperkalemia is not necessary 

for ALM to induce arrest; however, normal ion balances and normokalemia should be 
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maintained during the maintenance period of polarized arrest. To facilitate this, potassium 

chloride can be titrated into cardioplegia solution and administered directly to the coronaries to 

correct ion imbalances. 

 

The MPS disposable pack is set inside the console, as normal, but with one major exception – 

under no circumstance should the green (additive) be attached to the main delivery system. This 

is to avoid any preemptive dilution of ALM crystalloid solution by blood as it sits in the delivery 

tubing. While stable at room temperature in crystalloid solution, adenosine has one of the 

shortest biological half-lives known to man. Upon contact with whole blood, adenosine is 

eliminated in less than ten seconds. To preserve additive function, we attach an extension line to 

the green (additive) cassette, running the crystalloid solution all the way up to the patient, and 

splicing it together with the blood delivery line just proximal to the cardioplegia cannula. 

 

Just prior to aortic cross-clamp, we first begin with a 10mL crystalloid dose (“pre-clamp bolus”) 

of ALM solution. The undiluted crystalloid solution is slowly delivered over the span of 2-3 

minutes. The bolus can either be delivered through the cardioplegia line manually (via an in-line 

syringe and stopcock) or by using the “Purge” setting on the MPS2. The cardioplegia line is then 

chased with all-blood (“blood purge”), a dose of about 20mL. 

 

For induction, a 50:1 blood-to-additive dilution of ALM solution (20 ml/L additive setting) is 

administered over 60 seconds at a temperature of 37ºC. This is followed by a 66:1 dilution (15 

ml/L additive setting) for 180 seconds at a temperature of 4ºC. In the case of hypotension, a 
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dilution of only 100:1 (10 ml/L additive setting) is administered for this step. If myocardial 

activity is still observed, a second dose at 50:1 dilution is permissible. 

 

For maintenance, a 66:1 blood-to-additive dilution of ALM solution (15 ml/L additive setting) is 

administered over 90 seconds at a temperature of 4ºC. In the case of hypotension, a dilution of 

100:1 is administered for this step. Maintenance doses are administered every 20-30 min or as 

required. If cardiac activity is observed, a maintenance dose at 50:1 dilution is permissible. 

 

For reanimation, just prior to cross-clamp removal, a 1000:1 to 500:1 blood-to-additive dilution 

of ALM solution (1-2 ml/L additive setting) is administered over 120 seconds at a temperature of 

37ºC. Finally, an all-blood (no additive) dose (0 ml/L additive setting) is administered over 180 

seconds at a temperature of 37ºC. 

 

Cardioplegia protocol required maintenance of serum potassium levels between 4-4.5 mEq/L 

while on cardiopulmonary bypass. If baseline serum potassium was below 4 mEq/L, potassium 

levels were adjusted prior to initiating cardiopulmonary bypass. Due to the high concentration of 

magnesium (8 gm/bag) in the additive, magnesium in the prime was not advised. 

 

 

Study Design 

This study aims to conduct a retrospective cohort comparison of patients receiving either high-

potassium/low-potassium (HKLK) or adenosine-lidocaine-magnesium (ALM) cardioplegia at 

Banner University Medical Center Tucson. An ad-hoc chart review of adult (18 years of age or 
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older) recipients of cardiac surgery was conducted. Patients must have received a median 

sternotomy and full cardiopulmonary bypass. Study inclusion selects for those who received 

surgery between July 1, 2014 and June 30, 2015. Patients eligibility includes those who received 

either adenosine-magnesium-lidocaine (ALM) all-blood microplegia or high-potassium/low-

potassium (HKLK) 4:1 blood-cardioplegia as cardioplegic agent, exclusively. Patients who 

received other cardioplegia solutions (in this case, del Nido or Custodial HTK) were excluded.  

 

Procedure type was defined for all patients. Only recipients of isolated coronary artery bypass 

grafting (CAB), isolated aortic valve replacement or repair (AVR, AVr), isolated mitral valve 

replacement or repair (MVR, MVr), or combination (CAB+AVR, CAB+MVR) procedures were 

deemed eligible for inclusion. These case-types were selected to allow the assignment of Society 

of Thoracic Surgeons (STS) composite surgical risk scores as patient variables. The STS Risk 

Calculator to assess for case mix and covariate influence on patient outcome. The current STS 

Risk Calculator (v2.81) can predict risk in isolated CAB, isolated valve repair (AVr or MVr), 

isolated valve replacement (AVR or MVR), and combination coronary/valve (CAB+AVR, 

CAB+MVR) surgical procedures. The hierarchical entry system accounts for 41 preoperative 

variables, summarizing covariate influence with single composite risk scores for nine possible 

postoperative endpoints - permanent stroke, renal failure, prolonged ventilation, deep sternal 

wound infection, reoperation, major morbidity and mortality, mortality, long length of stay (>14  

days), short length of stay (<6 days). In all 123 patients, nine composite risk scores were 

calculated but only one (morbidity and mortality risk) was used in the final statistical model. 
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For patients meeting all criteria, predefined data was collected, including preoperative, 

intraoperative, and postoperative variables. Data collection includes anything less than or equal 

to Postop Day 30. 

 

Figure 2.1: Study Design 

 

 

After collecting predefined data and calculating risk scores for all eligible patients, the two 

groups (72 HKLK vs. 50 ALM) were analyzed. This complete process is summarized in Figure 

2.1. To account for an exceptional amount of covariate influence in cardiac surgery patients as 

well as the small sample sizes, a propensity score-based model was selected. In propensity 

scoring, patients are matched either one-to-one or in strata by making assumptions of each 

patient’s relative covariate risk. Outlier patients are typically discarded from the model, leaving 

only matched patients for comparison. Therefore, in order to produce better matching capacity 
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and put more power behind the method, large patient pools for finding potential matches is 

required.  

 

A major challenge in the design of this study was how best to address covariate influence on 

outcome without limiting our ability to detect possible treatment influence on outcome. The 

cardiac surgery patient population is one that is notorious for having complicated medical 

histories and extensive concomitant/comorbid disease. Therefore, we aimed to select primary 

endpoints that offered the possibility of case-and-patient-dependent composite risk assessment. 

By using the STS Risk Calculator, each patient was assigned a single composite risk score 

(“major morbidity and mortality risk”) that went on to be assigned as a possible covariate in the 

regression model. By employing STS risk as a continuous variable, we can not only quantify 

relative risk, but this score is assigned on a case-specific basis. This allows us to aggregate 

patient risk from a variable case-mixed sample, rather than subclassifying patients in terms of 

their specific surgeries and further reducing comparable sample size. 

 

In this model, we used R statistical software (R Core Team, 2014). To accomplish propensity 

scoring and propensity-weighted regression, the following packages were used: 

 

1. Nonparametric preprocessing for parametric causal inference (MatchIt, 2011)  

2. Generalized boosted regression models (gbm; Ridgeway, 2015) 

3. Regression modeling strategies (rms; Harrell, 2015) 
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Twenty-one (21) variables were selected as being likely risk factors for the primary target 

outcomes. The Society of Thoracic Surgeons (STS) Risk Algorithm was used as a guide for 

choosing model covariates. Covariates were chosen to include patient age, gender, body surface 

area, ejection fraction, congestive heart failure diagnosis, tricuspid valve disease, renal disease 

requiring dialysis, recent myocardial infarction (< 21 days), unstable angina at admission, 

chronic lung disease, endocarditis (active), cerebrovascular disease, peripheral vascular disease, 

three-vessel-coronary-disease, percutaneous coronary intervention (this admission), status of 

surgery (elective, urgent, emergent), and baseline creatinine. To account for case-specific 

influence on outcome, the STS-predicted morbidity and mortality risk score was added to the 

model. This risk score quantifies as many as forty-one risk variables at once and is backed by 

extensive research and reliability in terms of its ability to assess risk.  

 

Likely covariates were selected as dependent variables in a regression analysis. These variables 

were preliminarily compared. Initial regression reveals possible association between chronic 

lung disease and longer length of stay, but this will be properly assessed after propensity 

weighting. In terms of major morbidity and mortality, patients with diabetic disease (p = 0.0402) 

and those who recently underwent a percutaneous coronary intervention (p = 0.0402) were the 

only groups who expressed significance. Thus, even in the unadjusted sense, we know that our 

target primary variables should produce measurable effects in this model. 

 

Two methods were used for propensity score estimation in this study to assess result reliability, 

Logistic Regression and Generalized Boosted models. Logistic regression is the more common 

methodology and is used in many propensity matching packages. This method assumes that all 



	

36	

variables exhibit influence on the model and assigns separate predicted values to this model. 

Upon applying a Logistic Regression Model against all chosen covariates and using treatment 

group as the independent variable with binomial distribution, we see a statistically significant 

disparity in the number of chronic lung diseased patients (p = 0.0349) and patients labeled as 

urgent/emergent surgical candidates (p = 0.00237) in the ALM group. We can then assign 

propensity scores (as they relate to treatment group) as a separate variable in the dataset. For 

future analysis. 

 

To verify results, a second propensity score model was used – the Generalized Boosted Model. 

This model uses a slightly different iterative model to assess variable influence on a chosen 

variable (in this case, treatment group). Some have suggested that this model is superior to 

logistic regression in assigning propensity scores, however this is still under debate. The 

following chart (Chart 2.1) and related table (Table 2.1) reflect the relative influence of each of 

Chart 2.1: Generalize Boosted Model Variable Influence Table 2.1: Variable Influence 
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our selected variables on the treatment group (HKLK vs ALM). It is evident, both graphically 

and numerically, that under this method some variables have very little influence on the balance 

between treatment groups (patients with unstable angina, dialysis patients, patients who received 

percutaneous coronary interventions during their stay, patients with active endocarditis, and 

peripheral valve disease patients). Though these variables were selected due to their high 

likelihood of influencing outcome, they are too rare in this dataset overall to have much 

influence on balance. 

 

To use propensity scores generated by each of these models in weighted regression analysis, 

these scores were translated to assess average treatment effect (ATE) for the model. Thus 

treatment group weights in terms of propensity score (ps) are expressed as (1/ps(x)) for the 

treatment group and (1-(1/ps(x))) for the control group. These weights are appropriately assigned 

as variables to the dataset. Two weighted variables were assigned to the dataset for each of the 

two statistical models, the Logistic Regression Model and the Generalized Boosted Model. The 

following histograms show the frequency distributions of each of these two models, by treatment 

group (HKLK vs ALM). Though the distributions appear similar in shape, actual propensity 

scores relative to one another (shown on the x-axes of the graphs) indicates that the Generalized 

Boosted Model has not attached significant weight to any of the covariates. We can assume that 

this model is more hesitant to call covariate influence significant, taking the covariate difference 

with “a grain of salt.” 

 

Using propensity scores as weights, two separate outcome analyses (Linear Regression Model, 

Generalized Boosted Model) were run as a means to confirm results against one another. 
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Multiple regression was performed using our targeted endpoints (post-procedural length of stay, 

major morbidity and mortality) to assess individual variable on outcome. Secondary 

intraoperative and postoperative endpoints were collected and compared as well, though, the 

conclusions of these findings are limited by the chosen covariates included in this statistical 

model. These covariates are well-evidenced in the context of cardiac surgery major morbidity 

and mortality and post-procedural length of stay, but not necessarily in their influence on 

secondary endpoint outcomes. 

 

Results 

All patients received antegrade dosing or combination antegrade/retrograde dosing to ensure 

optimal coronary perfusion. For patients with significant aortic valve insufficiency (aortic valve 

replacement patients only), cardioplegia was initially administered retrograde followed by 

alternate antegrade/retrograde dosing upon restoration of valve competency. 

 

Preoperative variables are illustrated in Table 2.2. Baseline treatment cohort (HKLK vs ALM) 

variability is shown with p-values ascertained using unpaired comparative t test testing with 

Welch’s correction. Though many of these variables reveals no statistically significant difference 

between treatment groups, these “pre-weight” p-values do not account for relative propensity 

score influence and should not be taken at face value. Cohorts were balanced using propensity 

scores not represented in this table. 
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TABLE 2.2: BASELINE PATIENT INFORMATION [µ ± σ, %cohort]  

Demographics HKLK (n=72) ALM (n=50) P-value 
(LRM) 

P-value 
(GBM) 

Age 68.19 ± 1.19 64.80  ±  1.90 NS NS 
Female* 26.39% 28.00% 0.0492 NS 
BSA* 1.95 ± 0.28 2.00 ± 0.03 NS 0.0021 
Indicated procedure - - NS NS 
  Coronary artery bypass (CAB) 54.17% 64.00% - - 
  Aortic valve (AV) replacement 22.22% 14.00% - - 
  Mitral valve (MV) replacement 6.94% 2.00% - - 
  Mitral valve (MV) repair 1.39% 2.00% - - 
  CAB + AV replacement 12.50% 14.00% - - 
  CAB + MV replacement 4.00% 2.78% - - 
Surgery status - -   
  Elective 59.72% 30.00% - - 
  Urgent/Emergent** 40.28% 70.00% 0.0442 <0.0001 

Concomitant disease HKLK (n=72) ALM (n=50) P-value 
(LRM) 

P-value 
(GBM) 

Congestive Heart Failure Score 59.72% 24.59% NS NS 
  NYHA I 6.94% 4.92% - - 
  NYHA II 19.44% 5.74% - - 
  NYHA III 13.89% 11.48% - - 
  NYHA IV 19.44% 2.46% - - 
Cardiac presentation - - - - 
  Stable angina 22.22% 16.00% - - 
  Unstable angina 6.94% 3.28% NS NS 
  Non-ST-elevation myocardial infarction 27.05% 32.00% - - 
  ST-elevation myocardial infarction 2.78% 10.00% - - 
Valve disease - - - - 
  Mitral valve disease 23.61% 10.66% NS NS 
  Aortic valve disease 38.89% 11.48% NS NS 
  Tricuspid valve regurgitation 13.89% 4.92% NS NS 
Coronary artery disease 75.00% 33.61% NS NS 
  Triple-vessel disease 51.39% 60.00% NS NS 
Recent myocardial infarction* 48.61% 22.95% NS 0.0451 
Cardiac arrhythmia 22.22% 26.00% NS NS 
Ventricular support requirement 9.72% 3.28% NS NS 
Left ventricular ejection fraction (%) 54.38 ± 1.726 51.3 ± 1.78 NS NS 

Comorbid disease  HKLK (n=72) ALM (n=50) P-value 
(LRM) 

P-value 
(GBM) 

Chronic lung disease* 15.28% 1.64% NS 0.0029 
Active endocarditis* 2.78% 0.82% NS - 
Hypertension 83.33% 86.00% NS NS 
Cerebrovascular disease* 18.06% 26.00% NS 0.0013 
Peripheral vascular disease 4.17% 12.00% NS NS 
Diabetes mellitus* 36.11% 44.00% NS 0.0176 
Renal disease - dialysis 6.94% 2.00% NS NS 
Baseline creatinine 1.16 ± 0.11 1.09 ± 0.09 NS NS 

Medical History  HKLK (n=72) ALM (n=50) P-value 
(LRM) 

P-value 
(GBM) 

Previous sternotomy (redo)* 4.17% 6.00% 0.0077 0.0194 
Immunosuppressive therapy 4.17% 1.64% NS NS 
Percutaneous coronary intervention 5.56% 1.64% NS NS 
STS risk scores (%) - - - - 
  Major morbidity & mortality 19.86% ± 1.77 18.61% ± 1.70 NS NS 
  Long length of stay 10.04% ± 1.36 7.85% ± 1.15 NS NS 
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Variables which were used as likely covariates in the statistical model for this study include age, 

gender, body surface area, ejection fraction, New York Heart Association (NYHA) heart failure 

score (I, II, III, IV, or N/A), presence of unstable angina at time of admission, presence of 

tricuspid valve disease, dialysis, baseline creatinine (preoperative), recent myocardial infarction 

(≤ 21 days), diabetes mellitus, percutaneous coronary intervention (PCI) during this admission, 

chronic lung disease, active endocarditis, cerebrovascular disease history, peripheral vascular 

disease history, surgical urgency, and STS “major morbidity and mortality” composite risk score. 

These variables were selected as each one accounts for a well evidenced risk factor in predicting 

major morbidity and mortality events and length of hospital stay following cardiac surgery.  

 

Covariates used in the multiple regression model were selected as they relate to major morbidity 

and mortality and length of hospital stay. Therefore, our assumptions about the sample are only 

applicable as applied to these primary endpoints. Table 2.3 depicts the intraoperative and 

postoperative data between the two cardioplegia treatment cohort groups. Regarding primary 

endpoints, neither treatment group – not high-potassium/low-potassium (HKLK) nor adenosine-

lidocaine-magnesium (ALM) – was significantly associated with the occurrence of major 

morbidity and mortality outcomes or lengthened hospital stays following surgery. As predicted, 

the effects of major morbidity and mortality were indeed measurable in either treatment group 

(65.28% in the HKLK group, 58.00% in the ALM group). Even after propensity weighting, 

neither treatment was associated with a significant increase in the prevalence of these outcomes. 

Similarly, post-procedural length of stay exhibited no significant difference across propensity 

weighted groups. 
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TABLE 2.3: PERIOPERATIVE COURSE  
PRIMARY ENDPOINTS  [µ ± σ, %cohort] 

Postoperative events  HKLK (n=72) ALM (n=50) P-value 
(LRM) 

P-value 
(GBM) 

Major morbidity & mortality 65.28% 58.00% NS NS 
  Neurologic stroke   1.39%   6.00% - - 
  Prolonged ventilation (>24hr)   12.50%  10.00% NS NS 
  Renal injury   2.78%   6.00% - - 
  Reoperation   4.00%   8.33% - - 
  Deep sternal wound infection   0.00%   0.00% - - 
  Mortality   6.94%   8.00% - - 
Post-procedural length of stay 9.65 ± 6.36 7.70 ± 5.35 NS NS 
SECONDARY ENDPOINTS   [µ ± σ, %cohort] 

Intraoperative events  HKLK (n=72) ALM (n=50) P-value 
(LRM) 

P-value 
(GBM) 

Lowest hemoglobin 8.57  ± 1.48 8.46  ± 1.67 0.0297 NS 
Lowest temperature 32.34  ± 1.93 33.15  ± 1.15 NS NS 
Highest glucose 158.13  ± 39.22 145.57  ± 32.96 NS NS 
Perfusion time 130.43  ± 47.97 136.90 ± 49.93 0.0307 NS 
Cross-clamp time 96.93  ± 30.25 92.72  ± 40.34 NS NS 
Time in operating room 382.13  ± 89.25 418.28  ± 111.12 0.0168 0.0380 
Surgical time 294.64  ± 90.56 331.16  ± 105.46 0.0139 0.0329 
Intraoperative blood use 54.17% 78.00% - - 
  Total blood use (units)   2.35 ± 3.61   3.36  ± 3.28 0.0056 0.0513 
  pRBCs (units)   1.46 ± 2.11   1.31 ± 1.62 0.0045 0.0319 
  Fresh frozen plasma (units)   0.67  ± 1.08   0.97  ± 1.20 0.0172 0.0760 
  Platelets (units)   1.67  ± 1.28   1.72  ± 1.45 0.0164 NS 
  Cryoprecipitate (units)   0.54  ± 1.10   0.31 ± 0.77 NS NS 

Postoperative events HKLK (n=72) ALM (n=50) P-value 
(LRM) 

P-value 
(GBM) 

Time on ventilation (hours) 26.86 ± 60.26 15.23 ± 18.54 NS NS 
Total length of hospital stay (days) 11.44 ± 7.71 10.44 ± 6.54 NS NS 
  Long length of stay (> 14 days)   13.89%   1.64% NS NS 
  Short length of stay (< 6 days)   30.56%   14.75% NS NS 
Total ICU time (hours) 106.77 ± 94.55 90.73 ± 6.54 NS NS 
Readmission (30-day) 18.06% 16.00% - - 
New onset arrhythmia 33.33% 22.00% NS NS 
  Permanent pacemaker required   5.56%   4.00% - - 
Postoperative blood use 44.44% 40.00% NS NS 
  Total blood use (units)   1.92 ± 5.28   0.92 ± 1.54 NS NS 
  pRBCs (units)   2.56 ± 3.48   1.60 ± 0.99 NS NS 
  Fresh frozen plasma (units)   0.53 ± 1.11   0.20 ± 0.52 NS NS 
  Platelets (units)   0.97 ± 2.57   0.30 ± 0.47 NS NS 
  Cryoprecipitate (units)   0.25 ± 0.67   0.20 ± 0.70 NS NS 

 

Secondary endpoints assessed include intraoperative endpoints (perfusion time, cross-clamp 

time, surgical time, time in operating room, lowest intraoperative hemoglobin, lowest 

intraoperative temperature, highest intraoperative glucose, intraoperative blood product usage, 
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and extubation in the operating room), and post operative outcomes (30-day readmission, new 

appearance of arrhythmia, new pacer requirement, time on ventilation, total time in intensive 

care unit (hours), and post operative blood product usage). Table 2.3 also outlines the results of 

these analyses. The Linear Regression Model was run first, revealing a statistically significant 

difference between treatment arms in terms of intraoperative endpoints: perfusion time, surgical 

time, operating room time, lowest intraoperative hemoglobin, and intraoperative blood product 

usage (red blood cells, fresh frozen plasma, and platelets). Note: P-values that are represented by 

dashed lines in the table could not be calculated due to lack of decent effect size in the sample. 

 

Skeptical of these results, a second propensity-weighted outcome comparison analysis was 

conducted, this time using the Generalize Boosted Model. In contrast to the linear model, the 

Generalize Boosted Model expressed a lack of statistical significance in regard to lowest 

perfusion time, intraoperative hemoglobin, and highest intraoperative glucose. Intraoperative 

blood product usage did indeed exhibit significance between treatment groups in this model, with 

the exception of intraoperative platelet administration which was not significantly different 

between treatment arms. Results for red blood cell and fresh frozen plasma administration were 

confirmatory to those achieved by the linear model, each significantly higher in the ALM group. 

 

Discussion 

Given the ad-hoc nature of the study and limited sample size, much thought was given to the 

selection of primary endpoints. Our decision to select length of stay and major 

morbidity/mortality event occurrence stems from our desire to select endpoints that meet the 

following criteria: 
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1. The endpoint exhibits a large enough effect size to be detectable in smaller patient 

samples 

2. The endpoint has a known set of risk factors that are well accepted by the medical 

community 

 

At the risk of limiting the power of our study, rare outcomes generally requiring larger samples 

to be observed, such as mortality, were excluded from our final analysis. Instead, primary 

endpoints with greater effect size and measurability were selected. For these reasons, we selected 

length of stay and occurrence of a major morbidity/mortality event as our primary endpoints. 

Major morbidity/mortality, in this case, refers to occurrence of any one of the following events 

within the 30-day postoperative window: 

 

1. Any major morbidity, defined as neurologic stroke, prolonged ventilation, renal injury, 

reoperation, or deep sternal wound infection  

2. Any in-hospital or post-discharge mortality, surgery-related or not 

 

These endpoints were deemed adequate in terms of their prevalence in the overall cardiac 

surgery population and ease of measurability. 

 

The small patient pool (only 123 eligible) for this retrospective study requires careful 

consideration on behalf of the statistical model; it is easy to impart misleading bias on an 

observational study of this size. To account for covariate influence in each group, traditional one-
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to-one case-control propensity matching was considered. This method depends heavily on the 

assumption that case-control matched groups are both comparable to one another and 

representative of the overall patient population. It also leaves the strong possibility that any 

remaining unmatched patients - those that could easily provide more insight - would be discarded 

in vain.  

 

That said, the cardiac surgery patient population is one laden with concomitant and comorbid 

disease. This population is one that demands attention be paid to the impact of covariation on 

overall patient outcome. Propensity scores serve to mathematically illustrate the level of 

covariate risk as it applies to a single patient. Unlike traditional propensity matching, this study 

calculates propensity scores to account for covariate influence but then converts these scores into 

their own weighted variable representative of treatment effect. These weighted propensities join 

suggested covariates for comparison in a multiple regression analysis that identifies patient 

outcome as the dependent variable. Instead of matching patients based on like risk, the 

propensity score is itself assigned as an individual patient variable. The final statistical analysis 

identifies the average effect of treatment assignment (HKLK vs ALM) as it relates to the 

dependent variable (observed morbidity and mortality, post-procedural length of stay) while at 

the same time adjusting for possible covariate risk. 

 

When confirmatory testing was performed using Generalize Boosted modeling, skepticism with 

the findings uncovered by the Linear Regression Model began to arise. By weighting the Linear 

Regression Model against Generalize Boosted propensity scores, the relationship between 

cardioplegia treatment and intraoperative blood use appears to be far less strong, often 
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insignificant. This test was less convincing in the assumption that blood use was due solely to 

cardioplegia treatment. When intraoperative blood use was analyzed with the Generalize Boosted 

Model, this model revealed much stronger correlation between patient morbidity and mortality 

risk score to blood product usage than did treatment group. Because the linear models were built 

with “morbidity and mortality” and “long length of stay” covariate risk in mind, it cannot be 

assumed that the propensity weighting in either model accounts for covariates involved in blood 

product usage as an outcome. More likely, there is something going on that this model is 

missing. 

 

Given the disparity between the two models, we sought to discover where the difference might 

be arising. We started by plotting the propensity scores for each model, Linear Regression 

(Chart 2.2) and Generalize Boosted (Chart 2.3), in stacked column histograms. The following 

graphs depict the spread of propensity scores that were assigned to treatment groups in either 

model. Remember that propensity scores account for the variable of interest’s (treatment group) 

Chart 2.2 Chart 2.3 
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suspected influence on the model, relative to other suspected covariates. At first glance, the 

frequency of propensity scores appears roughly similar. Now, note the relative spread of the 

values on the x-axis in either model. This is where the difference in the algorithms begins to 

reveal itself. Propensity scores in the Linear Regression Model span the entire gamut of 

probability, from zero to one. On the other hand, the Generalize Boosted Model is restricted 

between probabilities of, roughly, 0.3 to 0.4. Relative to the spread of the Linear Regression 

Model, the Generalize Boosted Model does not appear to impart much more than a narrow 30% 

to 40% window of influence for cardioplegia treatment group as it applies to the propensity score 

model. 

We next compared relative weighted effects of each model. As before, histograms were 

produced for both the Linear Regression and Generalize Boosted models for the purpose of 

contrast. This time the difference is clear at first glance. The spread of weighted propensity in the 

Logistic Regression Model (Chart 2.4) is similar for both treatment groups, HKLK and ALM. 

This implies that in this model, propensity outliers might be exhibiting a larger effect than is 

justifiable, especially given the presumptuous nature of the study. Again, this model is more 

conservative in regard to the the relative weights it feels justified in assigning to the treatment 

variable. The Generalize Boosted Model (Chart 2.5), however, does illustrate a much clearer 

divide between the effects of the two treatment groups. Relative to one another, treatment with 

ALM has twice as much influence on the model than does HKLK. However, we know from the 

previous propensity score histogram that this influence is less impactful relative to other 

covariates in the regression model. This indicates to us that the Generalize Boosted Model is less 

sensitive to cardioplegia treatment effect and more sensitive to covariate effect than the Linear 

Regression Model. The Generalize Boosted method appears much less convinced of the 
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influence of cardioplegia treatment on outcome. Based on the known limitations of this study, we 

tend to agree with the results of the more conservative Generalize Boosted model. 

 

Chart 2.4 Chart 2.5 

  
 

LIMITATIONS OF STUDY 

This single-center comparative study is not without its share of limitations. The retrospective 

design invites the risk for sample selection bias. Contributing to this issue are small sample sizes, 

multiple surgeons, case variability, and extensive covariate influence. To minimize the issues of 

covariate influence and independent procedural risk, patient risk scores were calculated using a 

well regarded procedure-specific risk model. The hierarchical regression model provided by the 

STS Risk Calculator v2.81 is able to compile demographics, cardiac presentation, previous 

interventions, and comorbidities, to generate composite risk scores that predict each individual 

patient’s expected procedural outcomes.  

 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10
.0

0

10

20

30

40

50

Propensity Weights

Fr
eq

ue
nc

y

Logistic Regression Model 
Weighted Effect of Treatment

ALM

HKLK

1.4
8

1.6
8

1.8
8

2.0
8

2.2
8

2.4
8

2.6
8

2.8
8

0

5

10

15

20

25

Propensity Weights

Fr
eq

ue
nc

y

Generalize Boosted Model 
Weighted Effect of Treatment

ALM
HKLK



	

48	

Propensity-weighting was accomplished using STS risk scores to account for multivariate risk; 

however, one major variable is lost. The STS risk model does not incorporate an institution’s 

own influence (or surgeon-specific influence) on patient outcome. This analysis does not reflect 

the influence of treatment provided by the institution itself - a program with surgical residency in 

the midst of a historically low-case-volume year - on outcome. One solution is to incorporate 

“like institution” data into the analytics model. Study sample outcome (O/E) data could be risk-

adjusted using contemporary “like institution” outcome occurrence rate data. By incorporating 

“like” population statistics, sample data from treatment and control groups are normalized prior 

to comparison. While risk-adjustment by this methodology was considered, STS Database 

Research Guidelines forbids the sharing of quarterly report data (containing “like institution” 

statistics). Instead, STS-participating institutions are limited to sharing STS-reported data 

internally for the purposes of quality control. 

 

Conclusion 

Per the propensity-weighted regression model of this study, no significant difference was found 

between cardioplegia treatment groups (ALM vs. HKLK) in terms of major morbidity and 

mortality outcomes (permanent stroke, prolonged ventilation, deep sternal wound infection, renal 

failure, reoperation, mortality). Nor was there a significant difference between cardioplegia 

treatment in regard to post-procedural length of stay. Judging by the primary endpoints of this 

study, adenosine-lidocaine-magnesium (ALM) appears to be a reasonably safe alternative to 

high-potassium/low-potassium (HKLK) cardioplegia in terms of postoperative patient outcome.  
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Regarding secondary endpoints, operating room time and surgical time was significantly longer 

in the ALM group than the HKLK group. Additionally, the ALM group received a significantly 

higher number of red blood cell product transfusions than the HKLK group. Because our 

statistical model is not designed with covariates in mind that may influence these secondary 

outcomes, we are unable to conclude whether or not these differences can be solely attributed to 

cardioplegia treatment group. It is possible that other variables, such as surgeon experience, 

could be at play here. 

 

Based on the results of this analysis as well as our anecdotal experiences, we conclude that 

adenosine-lidocaine-magnesium (ALM) is both safe and effective for use as cardioplegia in adult 

cardiac surgery. While we are confident in this assessment, high-volume, prospective 

randomized studies are necessary to verify these claims. We suggest endpoints more specific to 

myocardial protection (change in cardiac index, postoperative inotrope/vasopressor use, cardiac 

troponins, lactate levels, etc.). 
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CHAPTER 3: EXPLORING THE NATIONWIDE USE OF CARDIOPLEGIA 

Background 

Cardioplegia Compounding & The Drug Quality and Security Act 

Traditional surgical cardioplegia compounding was accomplished by filling patient-tailored 

prescriptions on-demand. Modern-day compounding has become more of a manufacturing 

process to improve quality, reduce hospital pharmacy risk, and accommodate the needs of the 

physician. 

 

In recent history, sterile compounding standards and regulations in the United States have 

become more stringent. In 2013, the Federal Food, Drug, and Cosmetic Act was amended by the 

passage of the Drug Quality and Security Act, a bill that necessitates Federal Drug 

Administration (FDA) oversight of all compounded sterile preparations. This federal mandate 

legally requires that all anticipatory compounded sterile preparations undergo testing prior to 

distribution by any 503B Outsourcing Facility. All compounded products intended for 

distribution must be batched and tested for potency, stability, and sterility. In order to comply 

with new federal requirements, 503B compounders must significantly downsize product catalogs 

and reduce variability of all compounds distributed.  

 

Recent literature has brought to light the state of erraticism in current cardioplegia research.58–60 

Inconsistencies in dosing, formulation, and administration from center-to-center have 

surmounted in a growing skepticism concerning the reliability of modern-day comparative 

research. Lack of cogence in study design suggests anecdotal decision-making in regard to 

cardioplegia utility. In provoking the necessity of compound consolidation, passage of the Drug 
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Quality and Security Act provides an opportunity to assess the depth of what nationwide 

cardioplegia use variability looks like in today’s world. 

 

Objective 

This study conducts a review of a dataset provided by an industry-leading cardioplegia 

compounder. By examining 2014 cardioplegia sales data, we aim to explore the true extent of 

formula variability of cardioplegia solutions being used to conduct cardiac surgery in the United 

States today. We hope that this data analysis casts light on the topic of cardioplegia 

customization and serves to provoke discussion on whether or not standardization is necessary. 

 

Methodology 

The following is a review of 2014 fourth-quarter (Q4) cardioplegia sales data from a large 503B 

outsourcing facility. The facility is a national supplier of compounded cardioplegia with market 

share estimated at forty percent. The dataset is comprised of 56,829 units ordered by 401 unique 

institutions across the United States. 

 

The study will identify solution differences and detail its findings. Results will be summarized 

by cardioplegia strategy (Buckberg, high-potassium/low-potassium, crystalloid, del Nido, 

Adenocaine, and microplegia), dilution strategy (4:1 blood-crystalloid, 8:1 blood-crystalloid, 1:4 

crystalloid-blood, all-blood, and all-crystalloid), formula constituents (base solutions, additives, 

buffers), potassium concentrations. Any observed patterns in formula usage will also be reported, 

geographical or otherwise. 

Results & Discussion 
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After analysis of a 2014 fourth quarter sales dataset of cardioplegia units sold, national 

cardioplegia variability was assessed by examining formula ingredient content from 401 

institution accounts. Chart 3.1 and Table 3.1 break down cardioplegia formula sales in terms of 

units sold in Q4 of 2014.  

 

 

The relative numbers of institutions using each of these methodologies correlated appropriately. 

This information can be found in Table 3.2. Based on institutional use, high-potassium/low-

potassium (two-solution) multidose strategy was the most common, followed by traditional 

Buckberg (three-solution) multidose strategy. The third most common method was a single-shot 

(one-solution) approach using del Nido. Under five percent of institutions are using all-crystalloid 

solutions; fewer than four percent are using microplegia. In the case of all-crystalloid, microplegia, 

and other miscellaneous solutions (comprising about thirteen percent of the dataset), the parent 

institution’s dosing strategy was unclear. 

 

 

Chart 3.1 Table 3.1 – Q4 2014 Units Sold 

 

Solution Units % Sales 
High K 11,657 20.51% 
Low K 10,649 18.74% 
del Nido 6,339 11.15% 
Cold Induction 6,312 11.11% 
Maintenance 5,935 10.44% 
Reperfusate 4,703 8.28% 
Crystalloid 3,244 5.71% 
Warm Induction 1,751 3.08% 
Microplegia 1,687 2.97% 
Adenocaine 739 1.30% 
Other 3,813 6.71% 
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Table 3.2 - Cardioplegia use by institution 
Approach Cardioplegia % using 
Multidose High K / Low K 41.15% 
 Buckberg 22.69% 
Single-shot del Nido 17.96% 
Unknown Crystalloid 4.99% 
 Microplegia 3.74% 
 Other 13.47% 

 

Formula ingredients are summarized in Table 3.3. The table lists all ingredients in order of 

decreasing sales popularity. Fifty percent of these were intravenous fluids, both crystalloid and 

colloid, used as either a primary (base) solvent or as a secondary (supplemental) solvent. Base 

solvents provide the majority of fluid composition for the admixture. Supplemental solvents 

serve to fine-tune solution osmolarity, alter electrolyte concentrations, or provide additional 

substrates, such as glucose. 

 

In terms of ingredient popularity, our findings were not too surprising. Predictably, the most 

common cardioplegia ingredient was potassium chloride, present in almost ninety percent 

(89.64%) of all units sold. Trailing potassium chloride’s ingredient popularity, the remaining 

four spots of the top five were held by solvents. The second and third most common ingredients 

were tromethamine dextrose buffering solution (THAM) and anticoagulant citrate phosphate 

dextrose solution (CP2D). These constituents were each found in around fifty percent of all units 

sold (52.36% and 48.39%, respectively). The appearance of these two ingredients at the top in a 

near 1:1 ratio suggests a high demand for Buckberg-style solution. Likewise, the fourth and fifth 

most popular constituents were another dextrose-based solution – dextrose 70% – and buffering 

solution – 8.4% sodium bicarbonate. These constituents were found in nearly forty percent 
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(39.14% and 38.52%, respectively) of all formulas sold. Other top ten ingredients included 

sodium bicarbonate, monosodium acetate/glutamate, magnesium sulfate, 20% mannitol, and  

sodium chloride. 

 

Table 3.3 - Relative demand of cardioplegia constituents 

Ingredient Q4 Units 
Sold % Units Sold 

KCl (2mEq/mL) 50,943 89.64% 
THAM 0.6M solution 29,756 52.36% 
CP2D solution 27,502 48.39% 
Dextrose 70% 22,245 39.14% 
NaHCO3 8.4% 21,888 38.52% 
MgSO4 (4mEq/mL) 17,985  31.65%  
NaCl (4mEq/mL) 14,887 26.20% 
Mannitol 20%  14,796  26.04% 
Balanced electrolyte solution 14,064 24.75% 
MSA/MSG 0.92M 12,226 21.51% 
Dextrose 5%/0.2% NaCl 10,252 18.04% 
Lidocaine 2% 8,150 14.34% 
Ringer's Solution 2,355 4.14% 
CaCl2 (1.36mEq/mL) 1,897 3.34% 
Plegisol 1,712 3.01% 
Lactated Ringer's 1,325 2.33% 
NaCl (2.5mEq/ml) 1,207 1.81% 
0.9% NaCl 805 1.42% 
Adenosine (3mg/mL) 739 1.30% 
Sodium Citrate 4% 715 1.26% 
Dextrose 50%  689 1.21% 
Dextrose 5%/0.45% NaCl 596 1.05% 
Dextrose 2.5%/0.45% NaCl 345 0.61% 
Dextrose 5% 289 0.51% 
0.45% NaCl 84 0.15% 
MgCl2 (1.97mEq/mL) 16 0.03% 

 

Additive content varied greatly from solution to solution. We explored just one variable, 

potassium content, and compared it across solutions. Chart 3.2 shows the amount of potassium 
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in the bag (mEq K+/bag) for all solutions in the dataset (x-axis). The frequency (y-axis) reveals 

the number of batched solutions ordered which contain that amount of potassium. This chart 

includes all solutions ordered. A fair number of solutions ordered did not contain any potassium 

(0 mEq K+/L). This includes non-potassium-based solutions (like Adenocaine) but also includes 

many formulas that were identified as Buckberg solutions (cold/warm induction, maintenance, 

reperfusate), high-potassium/low-potassium solutions, and even microplegia solutions. Though 

we cannot conclude how these zero-potassium solutions are being used, we suspect these 

institutions might be adding potassium themselves upon delivery. 

 

 

In terms of potassium-content after dilution, Chart 3.3 shows the amount of potassium delivered 

per liter of perforate (mEq K+/L) for all potassium-containing solutions (x-axis). The frequency 

(y-axis) reveals the number of batched solutions ordered which deliver that amount of potassium. 

Zero-potassium solutions are excluded from this chart. This chart illustrates the amount of 

variability in potassium delivered across solutions being used nationwide. 

 

Chart 3.2 Chart 3.3 
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In terms of post-dilutional potassium content, Chart 3.4 shows the amount of potassium 

delivered by a single liter of perfusate (mEq K+/L) – with blood – for Buckberg-based solutions 

(warm induction, cold induction, maintenance, reperfusate), high-potassium/low-potassium, and 

all-crystalloid). The height of the bar represents average potassium delivery for the solution 

category identified. The standard error bars express the variability within that category in terms 

of distance from the mean.  

 

Chart 3.4 

 
 

Shown another way, Chart 3.5 is a stacked histogram which breaks down potassium delivery (x-

axis) for all “arresting” solutions (cold induction, warm induction, high-potassium, crystalloid, 

del Nido) in terms of batched solutions ordered (y-axis). Chart 3.6 is a stacked histogram which 

breaks down potassium delivery for all “multidose” solutions (maintenance, reperfusate, low-
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del Nido solutions did not vary one to the next. In terms of other additives, however, minor 

adaptations to del Nido solutions did exist in the dataset. Approximately half (48.61%) of all del 

Nido solutions sold contained lidocaine as an additive. A smaller percentage of all del Nido 

solutions (15.7%) contained an increased dose of mannitol. 

 

Chart 3.5 Chart 3.6 
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support of any significant clinical benefit. This suggests probable empirical influence in formula 

adaptation. 

 

Cardioplegia formula variability is not a new topic.58,59 Previous studies have addressed the issue 

of formula inconsistency via survey. By examining single-quarter sales data from a large 

supplier, this is the first study to analyze the purchasing history of institutions to infer 

cardioplegia use on a national level. An assessment of nationwide cardioplegia content has never 

been conducted to this magnitude. Thanks to the compounder’s extensive and detailed national 

dataset, this paper elucidates a level of depth and preciseness that no previous analysis has yet 

been able to do. 

 

Without outcome statistics, no finite conclusions can be made regarding which of these 

cardioplegia formulas are superior. Rather, the purpose of this paper is to prompt cardiac surgery 

teams to critically re-examine their formula of choice. Is there sufficient evidence to support the 

use of each additive? Is the delivered potassium concentration appropriate for a multi-dose 

strategy? Is stocking multiple cardioplegia products really necessary? Are these solutions close 

enough in content to be compared with one another in literature? Or has the time to standardize 

cardioplegia formulas finally arrived? 

 

The results of this analysis are clear – modern-day cardioplegia use is highly variable on a 

national scale. Variability exists in both methodology and formulation on a state-to-state, 

institution-to-institution, even across-single-institution basis. Solutions differ in additive 

concentrations, buffer selection, and base solvents. This analysis explores the variable content of 
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just one of many constituents, potassium. Other areas of variability not covered in this 

manuscript include additive concentrations, buffer concentrations, and osmolality. These will be 

defined in future analyses.  
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AFTERWORD:  

Is Research Meaningful or Progress Possible Without Standardizing Our Approach to 

Cardioplegia Formulation? 

Evidence-based medicine has become a light that guides medicinal practice. Today’s 

practitioners have been molded into a well-accepted culture that exalts systematic review over 

scientific logic and self-assertion. This is especially true of the cardiothoracic surgery world. 

 

While several new cardioplegia formulations have surfaced in recent years, the jury is out on 

whether or not selection of cardioplegia is, in fact, evidence-based.59 Selection of the proper 

cardioplegia solution tends to depend on surgeon preference; cardioplegia choice is highly 

variable across institutions and sometimes even on a case-by-case basis. 59 Unlike the use of 

Buckbergian or St. Thomas-based solutions, evidence-based support of next-generation 

cardioplegia clinical efficacy is limited. Thus, cardioplegia preference often rests on placing 

great faith in an extremely narrow scope of clinical evidence. Supplementary to that are 

inconsistent (often poor) study designs, relatively small sample sizes, variable patient 

populations and indications for use, dissimilar comparative controls, and convoluted endpoint 

parameters that lack standardization.  

 

Given the clinical literature, it is evident that assessing cardioplegia superiority is based on 

complex and convoluted data. Cardioplegia analytics in the clinical setting are the result of 

highly variable study designs. While animal studies of cardioplegia are often well controlled, 

clinical cardioplegia research is not always so. Clinical studies of cardioplegia efficacy come in 

three main forms: retrospective comparison of preexisting data, uncontrolled prospective 
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comparison to standardized data, or prospective randomized comparison trial. The flaws of 

uncontrolled and retrospective studies cannot be ignored. Even the larger randomized trials often 

have sample sizes of 100 to 200 patients. Compared with Phase III requirements for prescription 

drug FDA approval (1000<n<3000), it would appear that intraoperative cardioplegia use is rather 

loosely controlled.61 

 

Expanding on the topic of study variability, patient populations from study-to-study tend to be 

quite different. In particular, which surgical candidates is each of these solutions indicated for? 

Has the solution been tested the coronary artery bypass graft population? Valve replacement 

population? For congenital repair? Is it safe for use in both child and adult populations? How 

about those with renal disease? Recipients of previous cardiac surgery or transplants? 

 

Administration protocol variability is another area of ambiguity in comparative cardioplegia 

research. Without protocols in place to standardize cardioplegia administration (temperature, 

antegrade vs. retrograde, re-dosing strategy, hot shot administration, etc.), surgical technique, 

and consistency in collection of perioperative data, the study loses some degree of credibility. 

 

Quality-controlled clinical research is necessary to expand what we know about cardioplegia 

efficacy. Should more randomized prospective clinical trials testing cardioplegia solutions begin 

to surface, highly subjective experience-based preference can adapt to a more widely accepted 

evidence-based practice. Myocardial protection deserves to be held to a higher standard even if it 

means subjecting surgical practice to even more tireless scrutiny. Perhaps it is time to consider 

cardioplegia formulation in the ongoing effort to standardize cardiac surgery practice.   
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