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ABSTRACT 
 

The purpose of this study was to determine if del Nido cardioplegia provides 

superior protection for aged and young adult hearts. We used our isolated working heart 

model of cardioplegic arrest and reperfusion to compare functional recovery in both 

senescent and young adult rat hearts, with delivery of del Nido or our standard 

cardioplegia. In the aged hearts, use of del Nido cardioplegia prevented spontaneous 

contractions during arrest, reduced troponin release, and provided superior functional 

recovery during working heart. In contrast, in the young adult hearts, although stroke 

work was higher in the del Nido group, there were no significant differences in 

spontaneous activity, troponin release, and cardiac output between del Nido and standard 

cardioplegia, suggesting that del Nido cardioplegia did not provide superior functional 

recovery in the young adult heart. Del Nido cardioplegia has the potential to provide 

superior myocardial protection for elderly patients undergoing cardiac surgery. 
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CHAPTER 1: INTRODUCTION 

 

1.  Overview 

 

Elderly patients undergoing cardiac surgery have a higher risk of significant 

cardiac dysfunction leading to post operative complications and reduced survival when 

compared to younger adult patients (Hirose et al., 2000; Shahian et al., 2009; O’Brien et 

al., 2009). This is because aged hearts are particularly vulnerable to ischemia-reperfusion 

injury that occurs during cardiac surgery (McCully et al., 2006; Willems et al., 2005; 

Boucher et al., 1998; Ataka et al., 1992). Cardioplegia is an integral and essential method 

of myocardial protection for patients of all ages requiring cardiac surgery in which the 

heart must be stopped (Buckberg et al., 1977).  Cardioplegia solutions aim to reduce the 

metabolic activity of the myocardium so that during periods of ischemia, the 

development of intracellular acidosis leading to Ca2+ accumulation is slowed, thereby 

attenuating Ca2+-mediated myocardial damage upon reperfusion (Buckberg et al., 1977).  

Cardioplegia solutions also aim to abolish the electromechanical activity of the 

myocardium in order to reduce the metabolic demands of the heart when under 

cardiopulmonary bypass. Cardioplegia solutions are delivered into the coronary arteries 

once clamping the aorta has disrupted blood flow (Gay, 1975). 

 

A specialized cardioplegia solution, del Nido cardioplegia, designed to protect 

pediatric myocardium, may also be beneficial for elderly patients, due to the similarities 

that immature and senescent hearts share with respect to their increased susceptibility to 
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myocyte injury during ischemia and reperfusion. Researchers at the University of 

Pittsburgh developed a novel formulation for myocardial protection in the early 1990s. 

This team, led by Dr. Pedro del Nido, Hung Cao-Danh, K. Eric Sommers, and Akihiko 

Ohkado, eventually patented this solution, known as del Nido cardioplegia. Cardioplegia 

for infant and pediatric patients was originally the same as that used for adults and was 

simply adjusted for volume, flow and pressure (Allen, 2004).  St. Thomas’ Hospital 

cardioplegia solution was widely used in the 1980s and 1990s in this manner. However, 

researchers at the University of Pittsburgh recognized the need for a cardioplegia solution 

that more specifically addressed the needs and differences of the immature heart.  

 

The immature heart has been described as being both more tolerant to ischemia 

(Hiramatsu et al., 1995; Bove et al., 1986; Baker et al., 1988) and less so (Wittnich et al., 

1987). A study in 1989 by Kempsford and Hearse may have explained this contradiction 

by suggesting that the efficacy of cardioplegia in the immature myocardium may be more 

related to the cardioplegia solution itself than the underlying physiology of the neonatal 

heart.  The neonatal heart has been shown experimentally to recover better following 

ischemia-reperfusion with single-dose cardioplegia, leading to the development of del 

Nido cardioplegia, which is administered as a single induction dose at the beginning of 

the cardioplegic arrest period (Kohman et al., 1994; Sawa et al., 1989). 
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The elderly, like the young, have myocardium that is more susceptible to Ca2+ 

mediated ischemia-reperfusion injury. Both immature and aged myocardium are poorly 

equipped to deal with post-ischemic Ca2+ overload (McCully et al., 2006; Willems et al., 

2005; Boucher et al., 1998; Ataka et al., 1992, Faulk et al., 1995; Tsukube et al., 1997; 

Ladilov et al., 2003; Piper et al., 2003; Tsukube et al., 1996; Wittnich et al., 1987; Parrish 

et al., 1987; Bolling et al., 1996). Given that immature and aged hearts are both 

susceptible to myocardial injury during ischemia and reperfusion, it is possible that 

giving del Nido cardioplegia to the aged heart may result in improved functional recovery 

compared to our “standard” cardioplegia, which is currently being used to treat all adult 

patients at the Queen Elizabeth II Health Sciences Center Hospital in Halifax, Nova 

Scotia. 

 

Our lab has previously shown that in isolated aged cardiomyocytes, arrest with 

del Nido cardioplegia resulted in lower spontaneous and inducible activity during 

ischemia and lower diastolic Ca2+ during ischemia-reperfusion when compared with our 

“standard” cardioplegia (O’Blenes et al., 2011). This led us to investigate how whole 

isolated hearts would respond to del Nido cardioplegia. 

 

 The overall aim of this study was to determine if the use of del Nido cardioplegia 

could result in superior functional recovery in both whole, isolated aged and young adult 

hearts compared to our standard cardioplegia. The isolated working heart Langendorff 

model of cardioplegic arrest was used to compare the effects of del Nido cardioplegia to 

that of our standard cardioplegia, on cardiac function, from senescent and young adult rat 
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hearts. While various cardioplegia formulations have been proposed and evaluated 

previously, we have chosen to focus on del Nido cardioplegia as our starting point for 

developing a tailored strategy for myocardial protection for the aged heart, because it has 

already been used extensively in the clinical setting for pediatric and young adult 

patients, and we anticipate that this study will facilitate its incorporation into an eventual 

clinical trial for elderly patients. We also sought to determine whether use of del Nido 

cardioplegia could provide better cardioprotection than standard cardioplegia to the 

whole, isolated young adult heart, since there has been a lack of evidence in the literature, 

in basic science and clinical research, to support the use of del Nido cardioplegia on the 

young adult population. 

 

The following introduction will discuss the pathophysiology of ischemia 

reperfusion injury in the heart, unique characteristics of aged and immature myocardium, 

the cardioprotective role of cardioplegia solutions during cardiac surgery, and potential 

strategies to reduce post-operative myocardial dysfunction in elderly patients undergoing 

cardiac surgery. 

 

2. Pathophysiology of Ischemia-Reperfusion Injury  

  

During cardiac surgery, a clamp is typically applied across the ascending aorta to 

interrupt blood flow to the myocardium, while the patient’s circulation is supported on 

cardiopulmonary bypass (Kinoshita et al., 2012). This allows for surgeons to have a clear 

visualization of the heart and vasculature in order to perform cardiac procedures. 



 

 5 
 

However, the process of restoring blood flow to the ischemic myocardium can induce 

injury by ischemic necrosis, cellular damage that occurs when blood flow is restored – 

known as ischemia-reperfusion injury. 

 

The development of elevated intracellular Ca2+ and cardiomyocyte 

hypercontracture primarily mediate ischemia-reperfusion injury (Ladilov et al., 2003; 

Kinoshite et al., 2012; Steenbergen et al., 1990). During ischemia, oxygen delivery to the 

myocardium is impaired, cardiomyocyte energy stores are rapidly depleted, anaerobic 

metabolism occurs, and intracellular acidosis develops (Steenbergen et al., 1990, Piper et 

al., 1999).  Intracellular acidosis leads to an increase in intracellular Ca2+ levels during 

ischemia by promoting Na+ influx through the Na+/H+ exchanger (NHE) and the 

Na+/HCO3
- symporter (Piper et al., 1999; Allen et al., 1993; Anderson et al., 1990; 

Avkiran et al., 2001).  The increased Na+ influx causes Ca2+ influx by reverse mode action 

of the Na+/Ca2+ exchanger (NCX; Piper et al., 1999). Upon reperfusion of the 

myocardium, oxygen supply is restored to the tissue, resulting in myocardial damage due 

to the elevated intracellular Ca2+ levels within the cardiomyocyte. Excessive force 

generation occurs as a result of the restoration of function of the contractile apparatus in 

the presence of elevated intracellular Ca2+ levels, resulting in hypercontracture during 

early reperfusion, which can lead to cell injury or death (Ladilov et al., 2003; Piper et al., 

2003).  See Figure 1 for an illustrative diagram depicting cellular mechanisms of 

ischemia reperfusion injury in the cardiomyocyte.  
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Figure 1. Model of pathophysiology of ischemia-reperfusion injury in the 

cardiomyocyte. Ischemia leads to intracellular acidosis by anaerobic glycolysis and 

mitochondrial dysfunction. Na+/H+ exchange is driven by the intracellular/extracellular 

H+ gradient and is allosterically activated by intracellular protons (dashed curved 

arrows). Acidification of the interstitium (low extracellular pH) partially suppresses the 

gradient-driven Na+/H+ exchange. At the same time, cellular adenosine triphosphate 

(ATP) depletion leads to Na+/K+-ATPase dysfunction. The net result is intracellular Na+ 

loading. Rising intracellular Na+ slows down the NCX, impairing Ca2+ extrusion from 

the cell. B: During reperfusion, extracellular pH normalizes, allowing Na+/H+ exchange 

to be fully activated. With cellular ATP and Na+/K+-ATPase activity still insufficient, 

intracellular Na+ levels continue to rise. At some point in this process, increased [Na+]i 

leads to reverse mode operation of NCX. NCX extrudes Na+ at the cost of raising 

intracellular Ca2+ concentration, which reaches deleterious levels, leading to cell injury 

and apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 

AA) Ischemia B) Reperfusion 
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3. Aged and Immature Myocardium are Susceptible to Ischemia Reperfusion 

Injury 

 

Immature myocardium is less tolerant to ischemia than mature (young adult) 

myocardium (Wittnich et al., 1987; Parrish et al., 1987). Immature cardiomyocytes are 

particularly susceptible to Ca2+ induced injury during ischemia and reperfusion because in 

the pediatric heart, the sarcoplasmic reticulum (SR) is underdeveloped and the Ca2+-

ATPase responsible for shifting Ca2+ into the sarcoplasmic reticulum has lower activity 

(Boland et al., 1974; Gombosova et al., 1998). Pediatric hearts rely more on trafficking of 

Ca2+ in and out of the extracellular space for excitation-contraction coupling rather than 

the SR, and therefore, are poorly equipped to deal with the post-ischemic Ca2+ overload 

(Rebeyka et al., 1990).  Additionally, it should not be overlooked that there is 

quantitatively less SR in newborns than in adults (Hoerter et al., 1981). The increased 

vulnerability to ischemia-reperfusion injury that is experienced by the pediatric heart has 

been suggested to be characterized by an early and rapid increase in diastolic stiffness 

during ischemia and severe loss of systolic performance during reperfusion (Parrish et al., 

1987). Several studies have argued that while ATP depletion in the tissue is an important 

mechanism of myocardial injury during ischemia-reperfusion, and although accumulation 

of rigor contracture and consequential myocardial contracture has been strongly 

correlated with tissue ATP levels (Hoerter et al., 1981; Hearse et al., 1977; Sink et al., 

1980), they have shown that ATP is relatively preserved during ischemia in the immature 

heart (Nishioka et al., 1982). A third mechanism that may contribute to age-related 

differences during ischemia is differences in tissue (intracellular) pH. Parrish et al. (1987) 
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found that pediatric myocardium has a higher tissue pH during the early part of ischemia, 

than the adult rabbit heart. Intracellular acidosis is an important mechanism for the 

deactivation of adenosine triphosphatase activity of cardiac myofilaments (Tsien, 1976). 

Acidosis appears to reduce the affinity of the myofibrillar troponin C for calcium, thus 

inhibiting myofilament contraction (Blanchard et al., 1984). The increased intracellular 

hydrogen ion concentration found in adult rabbit hearts may protect the adult heart from 

ischemic contracture, by inhibiting contractile activity and inhibiting the formation of 

rigor contractures. Another important mechanism of ischemic cellular damage is free 

radical injury. Oxygen radicals are important mediators of ischemic injury, particularly 

during reperfusion (Gaudel et al., 1984; Hess et al., 1984). Immature tissue, including 

heart and lung, are relatively deficient in the antioxidant enzymes needed to detoxify free 

radicals (Tanswell et al., 1984; Gerdin et al., 1985; Otani et al., 1985). Furthermore, 

immature sarcolemma has a particularly high content of polyunsaturated fatty acids, 

which may increase the susceptibility of the membrane to free radical injury (Awad et al., 

1982). Lastly, several groups have reported a rapid increase in coronary vascular 

resistance during reperfusion in the neonatal rabbit heart, suggesting that perhaps the 

neonatal heart is more susceptible to ischemia-reperfusion injury due to age-related 

differences in coronary microcirculation (Parish et al., 1987). 

 

Aged hearts are also vulnerable to the ischemia-reperfusion injury that occurs 

during cardiac surgery (McCully et al., 2006; Willems et al., 2005; Boucher et al., 1998; 

Ataka et al., 1992, Faulk et al., 1995; Tsukube et al., 1997; Ladilov et al., 2003;  
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Piper et al., 2003). The mechanism for this intolerance to ischemia in aged myocardium 

is thought to be related to changes in Ca2+ homeostasis that result in higher intracellular 

Ca2+ levels during ischemia (Ataka et al., 1992; Faulk et al., 1995; Tsukube et al., 1997), 

which mediate damaging hypercontracture during early reperfusion (Nishioka et al., 

1982), and due to impaired Ca2+ uptake by the SR, leading to an accumulation of 

intracellular Ca2+. An age-related decline in basal coronary flow has been documented 

previously in mouse and rat heart (Willems et al., 2005). The genesis of reduced flow is 

unknown, but may involve both structural changes in the vasculature, for example, 

vascular stiffening, together with alterations in vascular control mechanisms (Folkow et 

al., 1993; Dohi et al., 1995). Other potential causes for the age-related intolerance to 

ischemia-reperfusion include altered and abnormal mitochondrial function and anti-

oxidant defenses (Willems et al., 2005). 

 

Compared to the young adult, differences in the cellular response to cardioplegia 

in the elderly due to increased ischemic intolerance may help to explain why elderly 

patients undergoing cardiac surgery have impaired recovery of ventricular function and 

lower survival than the young adult. It has been shown that strategies to limit 

accumulation of intracellular Ca2+ in aged hearts do improve the recovery of ventricular 

function after ischemia (Faulk et al., 1995; Tsukube et al., 1997). 

 

4. Cardioplegia Solutions Protect Against Ischemia-Reperfusion Injury  
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In order to minimize post-operative cardiac dysfunction following cardiac 

surgery, strategies have been developed to prevent ischemia reperfusion injury and 

protect myocardium. These strategies aim to reduce the metabolic activity of the 

myocardium, such that during ischemic periods, the development of intracellular acidosis 

leading to Ca2+ accumulation is slowed, thereby attenuating Ca2+ mediated myocardial 

damage upon reperfusion. Myocardial protection strategies typically aim to abolish the 

electro-mechanical activity, which accounts for most of the cardiomyocyte’s metabolic 

demands (Buckberg et al., 1977). This is achieved by delivering a cardioplegia solution 

into the coronary arteries once clamping the aorta has disrupted coronary blood flow. The 

cardioplegia is formulated with additives that will cause the desired electro-mechanical 

arrest. The most widely used additive is K+, which causes an increase in the extracellular 

K+ concentration thereby reducing the trans-membrane K+ gradient leading to membrane 

depolarization (Gay, 1975). Depolarization of the cell membrane largely inactivates Na+ 

channels responsible for the generation of action potentials. In the absence of action 

potentials, Ca2+ influx from the extracellular space and sarcoplasmic reticulum is 

inhibited, thereby preventing contraction (Fallouh et al., 2009).  

 

Cardioplegia solutions are either mixed with blood or delivered as a clear 

“crystalloid” solution. Cardioplegia is most commonly delivered hypothermically 

(≈10°C), which minimizes the remaining metabolic activity, thereby allowing the flow of 

cardioplegia to be safely interrupted for a period of time, typically 20-30 minutes 

between doses (Bove et al., 1986). In order to avoid potentially detrimental effects of 

hypothermia on cardiomyocyte metabolism (Fremes et al., 1985; Weisel et al., 1989), 
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delivering cardioplegia at normothermia (≈37°C) was proposed (The Warm Heart 

Investigators, 1994). However, the so-called “warm cardioplegia” has to be delivered on 

a continual basis to ensure adequate myocardial protection, which complicates the 

surgical procedure. Tepid cardioplegia (≈24°C), is an intermediate strategy that appears 

to allow safe intermittent delivery while avoiding potentially damaging profound 

hypothermia (Chocron et al., 2000).  

 

5. The Potential Benefits of del Nido Cardioplegia 

 

Age related changes in Ca2+ homeostasis may alter the action of cardioplegia 

solutions on aged hearts, since it has been shown in the literature that aged hearts are not 

as well protected by some cardioplegia solutions (Caldarone et al., 1995). Since there is 

an increasing number of elderly patients requiring cardiac surgery over the past years 

(Statistics Canada, 2011), and cardiac surgery is riskier in elderly patients than in young 

adult patients due to a higher chance of significant myocardial dysfunction after surgery 

(Hirose et al., 2000; Shahian et al., 2009; O’Brien et al., 2009), it is important to develop 

cardioplegic strategies that specifically tailor toward benefitting elderly patients. 

 

A specialized cardioplegia solution, del Nido cardioplegia, developed by Dr. Del 

Nido from the Boston Children’s Hospital, was designed to protect pediatric 

myocardium, and may also be beneficial for elderly patients, due to the similarities that 

immature and aged hearts share with respect to their susceptibility to myocyte injury 

(McCully et al., 2006; Willems et al., 2005; Boucher et al., 1998; Ataka et al., 1992, 
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Faulk et al., 1995; Tsukube et al., 1997; Ladilov et al., 2003; Piper et al., 2003; Tsukube 

et al., 1996; Wittnich et al., 1987; Parrish et al., 1987; Bolling et al., 1996). Our lab 

previously reported that compared to our standard cardioplegia, del Nido cardioplegia 

resulted in significantly lower post-operative serum troponin levels, released from injured 

cardiomyocytes, in children undergoing cardiac surgery (O’Brien et al., 2009). Our lab 

has previously shown that in aged isolated cardiomyocytes, arrest with del Nido 

cardioplegia results in lower spontaneous and inducible activity during ischemia and 

lower diastolic Ca2+ during ischemia and reperfusion when compared with standard 

cardioplegia (O’Blenes et al., 2011). 

 

There are three main features that distinguish del Nido from our standard 

cardioplegia. Firstly del Nido cardioplegia is mixed with only a small amount of blood 

(1:4 blood:crystalloid), which differs from our standard cardioplegia (4:1 

blood:crystalloid; see Table 1 for composition of cardioplegia solutions). This results 

in a Ca2+ concentration in del Nido cardioplegia that is significantly lower than in 

standard cardioplegia, thus potentially attenuating hypercontraction-induced ischemia-

reperfusion injury. Second, del Nido cardioplegia has a higher K+ concentration than our 

standard cardioplegia, hence it may be able to achieve more extensive and prolonged 

membrane depolarization, thereby optimizing inactivation of Na+ channels and 

preventing the generation of action potentials. In the absence of action potentials, 

hypercontraction is prevented (Fallouh et al., 2009). Lastly, del Nido cardioplegia 

contains lidocaine which blocks fast Na+ channels and prevents Na+ influx, and may 

potentially reduce the inward Na+ “window current” that is active at membrane potentials 
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achieved with K+ induced depolarization (Chambers et al., 1999; Attwell et al., 1979). 

Strategies to limit Na+ influx should indirectly limit potentially injurious Ca2+ influx, 

since increased intracellular Na+ influx drives Ca2+ overload through the reverse mode 

action of the NCX (Figure 1). 

Normal contractile function in its most basic form relies on high-energy 

phosphates, maintenance of intracellular pH, and ionic and cell membrane homeostasis, 

all contributing to aerobic metabolism (Matte et al., 2012) A disruption of any of these 

may lead to irreversible damage after myocardial ischemia (Charette et al., 2012). 

Furthermore, the promotion of anaerobic glycolysis, scavenging of ROS, and prevention 

of intracellular Ca2+ accumulation are thought to be desirable in preserving function 

during the arrest period (Jennings et al., 1981; Werns et al., 1986). Cardioplegia solutions 

generally rely on metabolic arrest coupled with hypothermia to address these concerns 

(Ohkado et al., 1994). The most commonly used method to achieve contractile arrest is 

by providing a high concentration of K+ ions into the extracellular space (hyperkalemia); 

del Nido cardioplegia is hyperkalemic (Matte et al., 2012). Although the advantage of 

this strategy is its simplicity and the rapid onset of arrest, washout of the potassium-

containing solution and the fact that potassium causes cardiomyocyte depolarization are 

the main drawbacks of this approach. It is well known that hyperpolarizing cells during 

ischemia slow down the rate of energy consumption and intracellular ion accumulation of 

the detrimental calcium ion. For this purpose, polarizing agents such as lidocaine, along 

with calcium-competing ions such as magnesium, were added to the formulations of 

cardioplegia solutions, as found in del Nido cardioplegia (Matte et al., 2012).  Although 

the solution was developed with the immature myocardium in mind, it is important to 
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note that its use in adult patients with acquired cardiovascular disease has been reported 

(New York Presbyterian Hospital and Cleveland Clinic Foundation). Del Nido 

cardioplegia is used on all patients from neonates to adults with congenital heart disease 

at the Boston Children’s Hospital (Matte et al., 2012). 

6. Delivery of del Nido Cardioplegia 

 

Del Nido cardioplegia is used in several centers for myocardial protection during 

pediatric cardiac surgery (O’Brien et al., 2009; Matte et al., 2012; Charette et al., 2012). 

Compared to the ‘standard’ 4:1 blood cardioplegia we use in our adult practice, del Nido 

cardioplegia is more dilute (1:4 blood:crystalloid), has ≈75% less Ca2+, and contains 

lidocaine (Table 1). Del Nido cardioplegia is usually given as a single dose (O’Brien et 

al., 2009; Matte et al., 2012; Charette et al., 2012), whereas our standard cardioplegia is 

given as an induction dose followed by maintenance doses every ≈20 minutes. In the 

clinic, del Nido cardioplegia is typically given as a single 20 mL/kg dose (Matte et al., 

2012). The maximum arresting dose is usually limited to 1 L for patients larger than 50 

kg. Additional cardioplegia may be given for hypertrophied hearts, those with aortic 

insufficiency, or those with known coronary disease based on the effectiveness of the 

initial dose and surgeon preference. A smaller arresting dose of 10 mL/kg may be used 

for procedures requiring a cross-clamp time of less than 30 minutes. Subsequent doses 

are not normally given except for the rare occurrence of electrical activity or for 

exceptionally long cross-clamp times (greater than 3 hours) at the surgeon’s discretion.  

In the clinical setting, the 20 mL/kg cardioplegia dose is generally given over 1-2 minutes 
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with a system pressure of 100-200 mmHg.  Aortic root pressure is not monitored, 

although the surgeon monitors aortic root distention closely during delivery to prevent 

capillary damage from high shear forces with too rapid a delivery. This method results in 

a cardioplegia delivery flow rate of 10-20 mL/kg/min in infants and toddlers (Matte et al., 

2012). 
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Table 1. Composition of Cardioplegia Solutions – del Nido cardioplegia versus 

“standard” cardioplegia. Del Nido cardioplegia contains lidocaine, less blood (1:4 

ratio of blood to crystalloid) and therefore 75% less calcium. 

Standard  del Nido  
Cardioplegia Cardioplegia 

Base solution (1 L) D5 0.225% NaCl Plasmalyte A  
Components (mmol/L) 

Na 38.8 140
Cl 38.8 98
K - 5
Mg - 1.5
Acetate - 27
Gluconate - 23
Glucose 278

Additives (mL/L base solution) 
KCl 2 meq/mL 44 13
NaHCO3 1 meq/mL 100 13 
MgSO4 0.2g/mL 15 10
Lidocaine 1% - 13
Mannitol 25% - 13 

Dilution (blood:cardioplegia) 4:1 1:4 

Estimated Final Composition (mmol/L) 
Na 136 143
K 18 24
Mg 5 7
Ca 1.0 0.24
Glucose 51 1
Lidocaine - 0.36

Estimated final Osmolarity (mOsm/L) 396 375

Estimated final Hematocrit (%)  ≈25 ≈6 



 

 17 
 

 

7. The Isolated Perfused Standard “Langendorff” Rat Heart Preparation 

 

7.1 Overview 

 

The isolated Langendorff rat heart preparation was implemented in this study to 

assess functional recovery of hearts following delivery of either del Nido or our standard 

cardioplegia. The isolated perfused mammalian heart preparation was established by the 

German physiologist Oskar Langendorff in 1895 as a tool for studying heart biology. 

Since then it has been one of the most widely adopted models of mammalian 

cardiophysiology for basic and pre-clinical drug research (Bell et al., 2011). The isolated 

perfused “Langendorff” heart system allows for examination of cardiac inotropic, 

chronotropic, and vascular effects without the complications of an intact animal model. In 

the Langendorff model, the heart is excised from the animal and cannulated via the aorta 

(Bell et al., 2011). The basic design of the Langendorff model is such that the perfusate is 

allowed to flow retrogradely through the ascending aorta, perfusing the coronary arteries 

(Figure 2; Radnoti Working Heart Manual 2013). With the perfusate flowing 

retrogradely down the aorta, opposite to normal physiological flow, the aortic valve is 

forced shut under pressure, directing the perfusion fluid into the coronary ostia, thereby 

perfusing the entire ventricular mass of the heart and draining into the right atrium via the 

coronary sinus (Bell et al., 2011).  With free drainage of the right atrium, the preparation 

can therefore be maintained without any fluid filling the ventricular chambers. Once 

coronary flow is established, the perfused heart can undergo various analyses over a 
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Figure 2. Retrograde reperfusion in standard Langendorff mode. Perfusate flows 

retrogradely through the aorta (dotted arrow indicates direction of flow) to perfuse the 

coronary arteries. 

period of time including: contractile function, heart rate, coronary vascular tone, and 

cardiac metabolism (Bell et al., 2011).  See Materials and Methods section for setup of 

the standard Langendorff system.

The greatest advantages of the standard Langendorff preparation are the reasons 

for the method’s longevity: simplicity of the preparation, low cost, reproducibility, and 

the ability to study an organ in isolation of other organ systems and exocrine control that 

may confound physiological measurement (Bell et al., 2011).  There are, however, 
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limitations to consider: the isolation from the whole animal moves any study further 

away from clinical relevance. Furthermore, the Langendorff preparation, which may be 

viable over several hours, must nonetheless be considered a dying preparation (Bell et al., 

2011). Many groups have reported a 5-10% per hour deterioration in contractile and 

chronotropic function (Sutherland et al., 2000). 

 

7.2 Modes of Retrograde Perfusion for the Standard Langendorff Preparation: 

Constant Pressure and Constant Flow 

 

The standard Langendorff system operates in either a constant pressure or 

constant flow mode, both of which are used in this study. Constant flow mode, where 

coronary flow is administered by the peristaltic roller-pump, is particularly useful when 

studying coronary vascular tone and endothelial function (Bell et al., 2011).  While in 

constant flow mode, measurement of perfusion pressure can be achieved by using a 

pressure transducer, allowing one to calculate coronary vascular resistance during 

constant flow mode – an advantage of the constant flow mode (Bell et al., 2011). A 

pressure control circuit is maintained by using a peristaltic roller pump. This pump can 

switch from constant flow to constant pressure seamlessly. Constant pressure can be 

achieved easily by maintaining a constant hydrostatic pressure through a set height 

column of fluid, such as positioning a reservoir and its fluid meniscus a known distance 

above the tip of the perfusion cannula in the heart preparation’s aorta (Bell et al., 2011). 

Constant pressure mode perfusion is ideal for models of ischemia-reperfusion injury, 

where using constant flow mode instead would administer far more coronary perfusate 
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per unit volume of available myocardium than before coronary ligation, with the potential 

risk of coronary artery damage resulting through shear stress (Bell et al., 2011). During 

this study, before switching to working heart mode, both at baseline and at post-

reperfusion, hearts are first retrogradely perfused in constant flow mode, then switched to 

constant pressure mode and finally to working heart mode, to minimize potential damage 

to the coronary arteries due to flow of the perfusate causing potential shear stress. 

 

8. The Isolated “Working” Rat Heart Model 

 

8.1 Overview 

 

The isolated working rat heart model was also implemented in this study. During 

a normal cardiac contraction in a mammalian heart, the blood stored in the LV is ejected 

at a pressure of about 80-100 mmHg into the aorta (Bell et al., 2011). At the base of the 

aorta is an ostium which feeds blood under this pressure into the coronary arteries. The 

standard Langendorff system maintains the isolated heart through the use of a roller 

pump that is connected via a tube to the aortic cannula (Neely et al., 1967). When the 

reservoir is opened, the perfusate is forced through the ostia into the coronary bed. This is 

termed “retrograde perfusion”, in the sense that the perfusate flows down into the aorta 

rather than out the LV through the aorta, as blood does in situ (Neely et al., 1967). One of 

the major disadvantages of the standard Langendorff system is that it does not permit the 

heart to generate pressure-volume work, because the perfusate does not flow via the 

normal systemic circulatory pathway (Neely et al., 1967). A modern modification which 
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permits the heart to pump fluid through the systemic circulatory pathway is the 

“working” heart model developed by Neely et al. (1973), in which perfusate enters the 

cannulated left atria, passes through the left ventricle, and is ejected out of the aorta 

(Figure 3). We utilized both the standard retrograde Langendorff and working heart 

modes in our isolated rat heart model. See Materials and Methods section for setup of 

the isolated working heart model. 

Figure 3. “Working” heart mode. The heart is perfused through the left atria (dotted 

line indicates direction of flow). Perfusate enters the left ventricle and is ejected out of 

the aorta. 
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9. Objectives and Hypotheses 

 

The overall aim of this study was to determine if the use of del Nido cardioplegia 

could result in superior functional recovery in both whole, isolated aged and young adult 

hearts compared to our standard cardioplegia. We utilized the isolated working heart 

Langendorff model of cardioplegic arrest and reperfusion to compare the effects of del 

Nido cardioplegia to that of our standard cardioplegia on cardiac function in senescent 

and young adult rat hearts. Since elderly myocardium is similar to immature myocardium 

in that both are particularly susceptible to reperfusion injury related to Ca2+ overload, we 

hypothesized that a del Nido cardioplegia strategy may also be beneficial in the elderly.   

 

It was hypothesized that since our lab has previously shown that: in isolated 

cardiomyocytes arrest with del Nido cardioplegia results in lower spontaneous and 

inducible activity during ischemia, lower diastolic Ca2+ during ischemia-reperfusion, and 

avoidance of hypercontraction during early reperfusion in aged cardiomyocytes when 

compared with standard cardioplegia (O’Blenes et al., 2011); del Nido cardioplegia has 

been shown to be clinically beneficial for pediatric patients in reducing post-operative 

troponin-I levels compared to our standard cardioplegia (O’Brien et al., 2009); and the 

pediatric and aged heart share similarities as they are both particularly vulnerable to 

ischemia reperfusion injury, then del Nido cardioplegia would provide superior 

myocardial protection by improving post-ischemic functional recovery of aged rat hearts 

versus our standard cardioplegia. 
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We also sought to determine whether del Nido cardioplegia provides additional 

benefits in the young adult heart compared to our standard cardioplegia. Since the young 

adult heart is more tolerant to ischemia-reperfusion injury than the aged heart (Ataka et 

al., 1992), it was hypothesized that delivery of del Nido cardioplegia to the young adult 

heart would not exert the same level of cardioprotection than in the aged heart and would 

not provide any significant cardioprotective advantages over our standard cardioplegia. 

Although del Nido cardioplegia has been given to young adult patients in some clinics, 

there is a lack of basic science and clinical evidence to support its superiority in 

providing cardioprotection to the young adult heart. This second objective will help to 

determine if del Nido cardioplegia is only an effective cardioplegic strategy for added 

protection of aged hearts, or whether it should also be implemented as a strategy for 

protecting younger adult hearts. 

 

The specific objectives of this study, in the form of research questions, are 

summarized below. 

 

1) Do the benefits of del Nido cardioplegia seen in isolated cardiomyocytes from 

aged animals translate into improved function in the whole heart? 

 

This first objective will be approached by utilizing an isolated working rat heart 

model of ischemia-reperfusion injury to measure hemodynamics and functional recovery 

of aged hearts that have been given either del Nido or our standard cardioplegia. 
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2) Does del Nido cardioplegia provide improved cardioprotection over our 

standard cardioplegia in the young adult heart? 

 

This second objective will be approached by utilizing the same isolated working rat 

heart model of ischemia-reperfusion injury to examine the impact of each type of 

cardioplegia on young adult rat hearts.  
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CHAPTER 2: METHODS 

 

1. Experimental Animals and Anaesthesia 

 

Experiments were performed according to guidelines published by the Canadian 

Council on Animal Care (CCAC; Ottawa, Ontario: Vol 1, 2nd edition, 1993; Vol 2, 1984). 

Male Fisher 344 rats (young adult hearts group: 3-4 months old; aged hearts group: 22-24 

months old) were fed ad libitum and housed in a 12-hour light/dark cycle. Rats were 

obtained from Charles River Laboratories (Saint-Constant, Canada) and were heparinized 

to prevent coagulation (IP, 3000 U/kg; Pharmaceutical Partners of Canada, Richmond, 

ON), and anesthetized with sodium pentobarbital (IP, 160 mg/kg; CDMV; Saint-

Hyacinthe, QC).  

 

2. The Isolated “Working” Rat Heart  

 

2.1 Setup 

 

In addition to the use of the standard Langendorff system, the isolated working rat 

heart model was also used for this study. In the working heart model, which is a slight 

modification of the standard Langendorff heart system, the heart is no longer perfused 

retrogradely through the aorta, but is perfused via the left atrium due to the insertion of a 

second cannula into the pulmonary vein (Figure 3). The working heart pumps the 

perfusate from the LV out of the aorta under experimentally controlled preload (atrial 
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pressure) and afterload (aortic resistance) conditions (Neely et al., 1967). The preload of 

the preparation is determined by the height of the overflow from the atrial perfusion 

bubble trap above the heart. The afterload is determined by the height of the compliance 

(afterload) reservoir above the aortic cannula (Radnoti Working Heart Manual 2013). The 

compliance bubble trap contains a 2mm diameter air bubble to mimic normal vascular 

elasticity. Figure 4 illustrates the setup of the isolated working heart model. 
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Figure 4. Schematic diagram of the isolated working heart system. The peristaltic 

pump is used to transport the perfusate from the reservoir to the heart. The oxygenating 

chamber allows for redirected perfusate to be re-gassed and returned to the heart. After 

the perfusate has been drawn from the reservoir, it is routed through the atrial bubble 

trap and diverted up to the aortic bubble trap (for retrograde reperfusion) at the atrial 

cannula. After the heart has been stabilized in retrograde Langendorff mode, a 3-way 

valve at the atrial cannula is changed to switch from retrograde to working heart mode 

by directing perfusate into the left atria under hydrostatic pressure. The perfusate then 

enters the left ventricle and is pumped by the heart against an afterload pressure. 
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In our lab setup of the working heart system, perfusate is drawn from the water 

jacketed reservoir, routed through the atrial bubble trap and diverted up to the aortic 

bubble trap at the atrial cannula. After the heart has been stabilized, a 3-way valve at the 

atrial cannula is changed to switch from retrograde to working heart mode by directing 

perfusate into the left atria under hydrostatic pressure. The perfusate then enters the LV 

and is pumped by the heart against an adjustable pressure head. Afterload can be adjusted 

on the aortic line to vary resistance by incorporating the compliance loop on the aortic 

side during working heart mode (Radnoti Working Heart Manual 2013). 

 

The peristaltic pump is used to transport the perfusate from the reservoir through 

the system and to the heart.  A thermal circulating pump is used to warm and maintain 

temperature of the system by warming the water and circulating throughout the water 

jacket of the system.  The thermal circulator must have sufficient pump strength to move 

the water through the system and overcome the hydrostatic pressure head created by the 

elevated components of the system. In addition, the tank volume must be of sufficient 

size to minimize the effect of the returning fluids’ temperature variation. The 

combination of these two features ensures an accurate and stable temperature control 

throughout the system (Radnoti Working Heart Manual 2013). 

 

Afterload Pressure 

 

Having moved from the left atrial cannula into the left atrium, the perfusate is 

ejected via the mitral valve into the LV, from where it is ejected through the aortic 
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cannula against a hydrostatic pressure via the compliance bubble trap chamber. The 

afterload is determined by the height of the compliance (afterload) loop reservoir relative 

to the position of the aortic cannula.  In the compliance loop, the bubble trap compliance 

chamber is pre-filled with perfusate to the point where it contains approximately a 2 mm 

diameter bubble of air for the working heart. The trapped air bubble mimics normal 

vascular elasticity. The height of the fixed hydrostatic pressure head reservoir relative to 

the aortic cannula determines the afterload, and this is fixed at a specific height during 

working heart mode (along with the preload; Randoti Working Heart Manual 2013). 

 

Perfusion of the Heart 

 

In the course of LV ejection, a portion of the perfusate is forced into the coronary 

ostia, thereby perfusing the coronary vessels of the heart (Neely et al., 1973). This 

coronary effluent can be sampled for assay or collected over time for measurement of 

coronary flow. The isolated working heart model allows for the measurement and 

calculation of additional hemodynamic parameters under the conditions of work: cardiac 

output, stroke volume, stroke work, etc. (see hemodynamic measurements below). Flow 

in the atrial perfusion inflow cannula and aortic outflow cannula are measured with 

Transonic inline flow transducers to calculate cardiac output. Coronary flow may be 

derived from timed collection of coronary effluent. 

 

Once the aortic and left atrial cannulation are accomplished, the aortic cannula 

stopcock is switched from a closed position during the standard Langendorff setup which 
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allowed for retrograde perfusion through the aorta, to the opened position, allowing for 

the perfusate to now be ejected through the aortic cannula against a hydrostatic pressure 

set via the compliance loop. Perfusion is initiated by the left atrium while simultaneously 

opening up the aortic outflow line. In this way, oxygenated perfusate from a constant 

pressure head left atrial reservoir (which is continuously filled by the peristaltic roller-

pump) flows under gravity into the left atrial cannula while perfusate also exits 

anterograde through the aorta. 

 

3. Isolated Heart Preparation 

 

Rats were operated on by thoracotomy to expose the chest. A longitudinal skin 

and muscle incision was made to open the abdomen from the diaphragm to the throat. 

The diaphragm was then cut free from the ribs. The thorax was then opened following the 

bone-cartilage border on the left and right sides parallel to the sternum from the 

diaphragm cranially to the first rib. The entire anterior thoracic wall was turned upwards 

over the head to expose the heart. Pericardium was then removed.  The ascending aorta 

was identified and separated from connective tissue and the pulmonary artery using blunt 

dissection, cutting just beneath the bifurcation of the aorta. The entire heart-lung mass 

was removed from the chest cavity and placed immediately into an ice-cold petri-dish 

bath containing Krebs-Henseleit buffer (KHB; NaCl 118 mM, KCl 4.71 mM, NaHCO3 

25.0 mM, KH2PO4 1.20 mM, CaCl2 2.50 mM, MgSO4 1.20 mM, glucose 11 mM, EDTA 

0.5 mM, equilibrated with 95% O2/5% CO2, pH 7.4; chemicals obtained from Sigma-

Aldrich Co. LLC.). The heart was isolated from the lungs, then inserted onto an aortic 



31

 

cannula on a standard Langendorff apparatus (Radnoti Inc, Monrovia, CA). Care was 

taken to ensure that the cannula had already been primed to remove air bubbles prior to 

cannulation and that the cannula was not inserted too far into the aorta, which could 

disrupt coronary arterial perfusion during experimentation. Hearts were then cannulated 

through the pulmonary vein of the left atrium via a second cannula (Figure 5). 

Figure 5. Diagram demonstrating cannulation of the isolated heart. The heart is 

cannulated through the aorta and left atrium with two cannulae. During retrograde 

Langendorff mode, perfusion flows retrogradely through the aortic cannula, into the aorta 

and the coronary arteries. During working heart mode, perfusate flows through the left 

atrial cannula, then the LV, and lastly the aorta to be ejected against the afterload 

pressure. 
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4. Perfusion Protocol 

 

Before working heart mode can be initiated, the heart must first be stabilized into 

standard Langendorff mode. Following cannulation of the left atrium, hearts were 

perfused retrograde with KHB at 10 mL/min at constant flow mode of the standard 

Langendorff setup, such that KHB perfusate flowed retrogradely through the aorta and to 

the coronary arteries (5 minutes; 37°C, gassed with 95% O2/5% CO2). After a 5 minute 

stabilization period, hearts were switched to constant pressure mode (100 cm H2O, 37°C, 

gassed with 95% O2/5% CO2) for 5 minutes. The perfusion of the heart is maintained at a 

constant pressure, thus, changes in resistance of the heart will result in fluctuations in the 

flow rate that are measured with a Transonic inline flow transducer (Transonic systems 

Inc., Ithica, NY).  

 

Hearts are then switched into working heart mode for 5 minutes (preload 20 cm 

H2O, afterload 100 cm H2O). Only hearts which met the following pre-determined 

baseline criteria at the end of working heart mode were included in the study: heart rate > 

200 bpm, regular rhythm, cardiac output > 25 mL/min, and coronary flow > 10mL/min 

(Rudd et al., 2009). After the baseline working heart period, hearts were arrested with 

cardioplegia as described below, and then exposed to ambient room temperature (22-

23°C) for a 60-minute ischemic period. Reperfusion started with retrograde perfusion at 4 

mL/min and increased in 0.5 mL/min increments every 30 seconds to 10 mL/min. 

Coronary effluent was then collected and frozen (-80°C) for later determination of 

troponin concentration (Life Diagnostics, Inc., 2010-2-HS, Rat Serum Cardiac Troponin-
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Figure 6. Isolated working heart protocol. Room temperature KHB solution was used 

as the perfusate. Hemodynamic parameter measurements were taken during the baseline 

working heart period, after which hearts were given either our standard or del Nido cold 

blood cardioplegia, as they are delivered clinically, at the start of the 60-minute 

cardioplegic arrest period (standard cardioplegia: 15 mL/kg initial dose followed by 

subsequent 5 mL/kg doses every 20 minutes; del Nido cardioplegia: 15 mL/kg induction 

dose only). Hearts were returned to retrograde reperfusion. Once coronary flow rate 

reached 10 mL/min, coronary effluent was collected for 1 minute for troponin-I 

analysis. Retrograde reperfusion continued for a total of 15 minutes, then the hearts 

were switched to constant pressure mode (total of 20 minutes of reperfusion). Then 

hearts were switched to working heart mode for 60 minutes, during which time 

hemodynamic parameters were recorded at 5, 10, 15, 30, 45, and 60 minutes into the 

working heart period. 

I ELISA kit). After a total of 15 minutes, hearts were switched to constant pressure mode 

for an additional 5 minutes, and then into working heart mode for 60 minutes. At the end 

of the protocol, the ventricles were blotted dry, weighed, then desiccated at 80°C for 24 

hours and reweighed. See Figure 6 for diagram of perfusion protocol. 
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5. Measurements 

 

A temperature probe and ECG electrode were placed through the pulmonary 

artery into the right ventricular outflow tract to measure cardiac temperature and heart 

rate respectively. The values of all hemodynamic variables were averaged over 10 

consecutive heart beats. All flow values were indexed to the dry weights of hearts.  

 

5.1 Calculated Hemodynamic Variables 

 

Rate-Pressure Product (RPP) is a measure of the stress put on the cardiac muscle 

based on the number of times it needs to beat per minute (heart rate; HR) and the aortic 

blood pressure it is pumping against (max systolic pressure; SP) and was calculated by 

the following equation: RPP = HR * SP. LVDP is an important measure of contractile 

function and was calculated as follows: LVDP = SP – LVEDP (LV end diastolic 

pressure).  Left atrial pressure measured at the end of diastole was used as LVEDP. 

Cardiac output (CO) is an important determinant of cardiac function and was calculated 

by summation of aortic flow (AF) and coronary flow (CF): CO = AF+ CF. Stroke volume 

(SV) was determined in order to account for variability in HRs of the rat hearts: SV = 

CO/HR. Stroke Work (SW) refers to the work done by the ventricles to eject a volume of 

blood (stroke volume) into the aorta and was calculated as follows: SW = SV*SP. 

Coronary vascular resistance (CVR) is an important determinant of blood flow through 

the heart and overall functional recovery and was calculated by: CVR = MAP/CF, where 
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MAP = mean aortic pressure.  

 

5.2 Spontaneous Activity during Cardioplegic Arrest 

 

Spontaneous activity during cardioplegic arrest was determined by observing 

changes in ECG and corresponding aortic pressure tracings that indicated the occurrence 

of a heartbeat. Wide complex electromechanical activity seen on the ECG tracing 

coupled with a fluctuation in aortic pressure indicated the occurrence of a spontaneous 

contraction during cardioplegic arrest. 

 

5.3 Return of Rhythm during Reperfusion 

 

Measuring the length of time taken for rhythm to return following the start of 

reperfusion was done by examining the time scale corresponding to the ECG tracing of 

each group (standard or del Nido cardioplegia) from the start of constant flow reperfusion 

until the first heartbeat occurred. 

 

5.4 Troponin Release into Coronary Effluent 

 

 During reperfusion, retrograde perfusion was gradually increased from 4 mL/min 

to 10 mL/min by increments of 0.5 mL/min every 30 seconds. Once retrograde 

reperfusion reached the flow rate of 10 mL/min, coronary effluent (10 mL) was collected 

with a tube over a 1-minute period. The collected coronary effluent was then frozen in a -
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80°C freezer to be used on a later date to measure the myocardial troponin release. After 

working heart Langendorff experiments were completed for all hearts in the aged and 

young adult groups, troponin-I release was analyzed. The coronary sinus effluent was 

examined using a high sensitivity ELISA for determination of cardiac troponin-I (Life 

Diagnostics, Inc., 2010-2-HS, Rat Serum Cardiac Troponin-I ELISA kit). Frozen samples 

were collected from the freezer and thawed. All samples were analyzed with the ELISA 

assay at the same time. The procedures outlined in the ELISA kit were followed. 

 

5.5 Myocardial Edema 

 

Myocardial edema was determined by calculating the total myocardial water 

content, by subtracting dry weight of the heart from the wet weight. This value was then 

indexed to the dry weight: Indexed mass of myocardial water = wet-dry wt/ dry wt. 

 

5.6 Tachyarrhythmias during Reperfusion 

 

ECG tracings were examined throughout the entire reperfusion period for each 

heart and occurrences of arrhythmias were noted. Arrhythmias were defined as runs of 

tachycardia that were identified as bursts of rhythm that were faster than the underlying 

rate. 

 

6. Cardioplegia Preparation and Delivery 
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Autologous blood was collected from the chest cavity of rats using a syringe 

containing heparin (200 U) as the hearts were being harvested. Cardioplegia solutions 

were prepared according to our clinical protocols (Table 1), cooled in an ice bath, and 

oxygenated. Our standard cardioplegia was prepared by obtaining the base solution from 

the QEII hospital (Halifax, Canada), and then adding sodium bicarbonate and magnesium 

sulfate to the base solution. After mixing the base solution with the collected blood from 

the rat, the cardioplegia solution was oxygenated (gently bubbled with O2) and placed in 

an ice bath (≈1-5°C). The approximate final ionic concentration of our standard 

cardioplegia is listed in Table 1. Del Nido cardioplegia was prepared by obtaining the 

base solution from the QEII hospital, and then adding lidocaine, sodium bicarbonate and 

mannitol to the base solution. Del Nido cardioplegia was similarly oxygenated and 

cooled in an ice bath (≈1-5°C). Prior to delivery, cardioplegia was filtered using a 20 μm 

pore size vacuum filter (EMD Millipore, Billerica, MD).  The cardioplegia temperature 

was 1.9±0.4°C. The working heart setup was switched back to nonworking mode, in 

constant flow mode, prior to delivery of the cardioplegia solutions. 

The cardioplegia strategies used in this study were modeled after those we use in 

the clinic (O’Brien et al., 2009). Standard cardioplegia was delivered as an induction dose 

(15 mL/kg) followed by additional doses (5 mL/kg) every 20 minutes. Del Nido 

cardioplegia was delivered as a single induction dose (15 mL/kg) with no additional 

doses during the 60-minute ischemic period. The infusion rate of the cardioplegic 

solutions, delivered by hand injection, was pressure controlled with the aortic pressure 

maintained at ≤ 50 mmHg. 
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7. Experimental Groups 

In the aged hearts experiment, hearts were arrested with either our standard (n=8) 

or del Nido (n=8) cardioplegia. In the young adults experiment, hearts were arrested with 

either our standard (n=6) or del Nido (n=6) cardioplegia. 

 

8. Statistical Analysis 

 

Data are presented as mean±SEM.  Tests for statistical significance included 

unpaired t-test (cardiac temperature, myocardial edema, troponin-I, return of rhythm 

during reperfusion, coronary vascular resistance), Fisher’s exact test (spontaneous 

activity during cardioplegic arrest, incidence of arrhythmias during reperfusion), and 

mixed linear model analysis followed by Tukey-Kramer test (aged hearts group: all 

hemodynamic variables for the 60 minutes of post-reperfusion working heart mode). 

Repeated measures ANOVA was conducted for all hemodynamic variables for the 60 

minutes of post-reperfusion working heart mode in the young adults heart group. 
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CHAPTER 3: RESULTS 

 

1.  Aged Hearts Experiment 

 

1.1  Eligibility of Hearts 

 

To determine the relative ability of del Nido cardioplegia to protect aged hearts, 

we studied senescent rats (male Fisher rats; 22-24 months old) using our working heart 

model of arrest with blood cardioplegia. Sixteen of 20 hearts (80%) met the pre-

determined functional criteria for inclusion into the study (see Materials and Methods 

section). Of the hearts that met baseline criteria, 2/16 (13%) hearts stopped during the 

protocol (specifically during the 60-minute post-reperfusion working heart mode) due to 

technical problems (air bubbles entering heart or afterload chamber emptying). However, 

data for these two hearts have been included up until the time that the hearts stopped 

beating. Eight hearts were arrested with standard cardioplegia (n=8), and 8 with del Nido 

cardioplegia (n=8). 

 

1.2  Cardiac Temperature 

 

 Cardiac temperature was measured by insertion of a temperature probe through 

the pulmonary artery into the right ventricular outflow tract and was recorded throughout 

the experimental protocol. The temperature of the heart can affect its resistance to 

ischemia-reperfusion injury. Cardiac temperature was 21±1°C in each group after 

induction (p=NS) and was essentially unchanged immediately prior to reperfusion 
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(20±1°C in each group; p=NS). Thus, the change in cardiac temperature from the start to 

the end of the arrest period was also not significantly different between the two 

cardioplegia solutions (-1.0±0.9°C vs. -1.2±0.7°C, del Nido vs. standard cardioplegia, 

p=NS; Figures 7-9). 
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Figure 7. Cardiac temperature following delivery of induction dose of standard 

and del Nido cardioplegia. Bars represent mean±SEM, n=8 per group. 
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Figure 8. Cardiac temperature prior to the start of reperfusion in 

hearts arrested with standard and del Nido cardioplegia. Bars 

represent mean±SEM, n=8 per group. 
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Figure 9. Change in cardiac temperature over the cardioplegic arrest period for 

hearts arrested with standard and del Nido cardioplegia. Bars represent 

mean±SEM, n=8 per group. 
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1.3 Spontaneous Activity during Cardioplegic Arrest 

 

 To determine the relative ability of our standard and del Nido cardioplegia to 

maintain arrest in aged hearts, spontaneous electromechanical activity was examined by 

observing the electrocardiogram for changes in electrical activity coupled to fluctuations 

in aortic pressure during the arrest period. Spontaneous electromechanical activity was 

observed during the arrest period in 7/8 (88%) hearts in the standard cardioplegia group 

(Figure 10). This was in the form of occasional wide complex beats seen on the 

electrocardiogram (Figure 10A) with accompanying mechanical activity. In contrast, 

spontaneous activity was only seen in 1/8 (13%) hearts arrested with del Nido 

cardioplegia (Figure 10B, p=0.01).  
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Figure 10. Analysis of spontaneous activity during cardioplegic arrest. A) 

Representative tracings of spontaneous ECG activity (upper panel) and aortic (Ao) 

pressure fluctuation (lower panel) in a heart arrested with standard cardioplegia. B) 

Bar graph representing the percentage of hearts showing spontaneous activity during 

arrest with either standard or del Nido cardioplegia. Bars represent mean±SEM, n=8 

per group. 
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1.4 Return of Rhythm at Reperfusion 

  

After the start of reperfusion, all hearts had spontaneous return of rhythm. 

However, the time to return of the first heartbeat was twice as long in the del Nido group 

when compared to the standard cardioplegia group (Figure 11 A and B, 67±6 vs. 32±5 s, 

p=0.0007). All hearts had occasional extra systoles or short runs of bigeminy during the 

reperfusion period. Four hearts in the standard cardioplegia group and 1 in the del Nido 

group (p=NS) had short runs of sustained tachyarrhythmia that resolved spontaneously 

(Figure 12). One heart in the del Nido group had a short period of asystole, which was 

not seen in any of the hearts protected with standard cardioplegia. 
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Figure 11. Analysis of return of first heart beat (rhythm) following the start of 

reperfusion. A) Representative ECG tracings from the start of reperfusion (t=0) in 

hearts arrested with standard (upper panel) and del Nido cardioplegia (lower panel). B) 

Bar graph representing average time to return of first heart beat after the start of 

reperfusion in hearts arrested with standard and del Nido cardioplegia. Bars represent 

mean±SEM, n=8 per group. 

 
 

A B 



47

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Percent of hearts that had short runs of sustained tachyarrhythmia 

during retrograde reperfusion, that were resolved and were self-limiting. Bar graph 

representing percent of hearts that had tachyarrhythmia during reperfusion in hearts 

arrested with standard and del Nido cardioplegia. Bars represent mean±SEM, n=8 per 

group. 
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1.5 Hemodynamic Measurements 

 

To evaluate the impact of del Nido cardioplegia on functional recovery, the aged 

hearts were switched into working heart mode for 60 minutes after the 20-minute 

reperfusion period, and hemodynamic parameters were examined at a fixed preload (20 

cm H2O, Table 2). All hearts completed the entire protocol with the exception of one in 

each group, in which air was entrained near the end of the studies and therefore do not 

contribute data for the last two time points.  Hemodynamic measurements were recorded 

before ischemic arrest (baseline working heart) and repeated again after reperfusion (60-

minute working heart mode, post-reperfusion). Baseline measurements were recorded at 

the end of the initial 5-minute working heart mode before switching off the perfusate 

flow to deliver the cardioplegia. Post-reperfusion measurements were made during the 

60-minute working heart mode period at the time points of 0, 5, 10, 15, 30, 45, and 60 

minutes into the working heart mode. A summary of the hemodynamic parameters 

measured during working heart mode is shown in Table 2.  
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 Baseline  Post Reperfusion 
 

5 10 15 30 45 60 min 
Heart Rate (BPM)
Standard 224±6 197±16 200±16 200±16 204±19 198±21 198±22 
Del Nido 219±6 228±8 231±9 235±6 233±9 233±11 229±12 
p NS NS NS NS NS NS NS 
 

Rate Pressure Product (x103 mmHg*min-1) 
Standard 30±1 20±2 20±2 20±2 19±3 20±3 20±3 
Del Nido 30±1 29±1 29±1 30±1 29±1 29±1 28±1  
p 0.8 0.0005 0.0006 0.0002 0.0002 0.0006 0.0017 
 
Systolic Pressure (mmHg) 
Standard 133±5 99±6 99±6 99±7 93±9 98±9 97±8 
Del Nido 138±4 128±4 127±5 128±4 127±4 125±5 123±4 
p 0.5 0.0006 0.0008 0.0006 0.0001 0.0011 0.0018 
 
LVDP (mmHg) 
Standard 120±12 85±18 85±18 85±19 79±25 82±23 82±22 
Del Nido 125±10 116±8 114±11 115±10 113±10 111±12 110±8 
p 0.5 0.0002 0.0004 0.0003 0.0001 0.0005 0.001 
 
Coronary Flow (ml*min-1*g-1) 
Standard 97±5 61±9 60±9 61±7 60±11 65±11 61±12 
Del Nido 103±7 101±6 101±6 101±6 101±6 99±6 101±9 
p 0.6 0.0009 0.0008 0.001 0.0007 0.0014 0.0003 
 
Cardiac Output (ml*min-1*g-1) 
Standard 181±18 85±23  87±23  88±24  86±24  92±23  86±22 
Del Nido  196±9 177±14 180±16 181±15 177±14 174±13 173±14 
p 0.6 0.0007 0.0006 0.0007 0.0009 0.0017 0.0008 
 
Stroke Volume (x10-2 ml*g-1) 
Standard 81±7 40±10 41±10 41±10 40±10 43±10 40±10 
Del Nido 90±4 78±6 78±6 77±5 76±5 75±5 76±4 
p 0.4 0.0009 0.0009 0.0013 0.0016 0.0026  0.0008 
 
Stroke Work (ml*mmHg*g-1) 
Standard 108±28 43±30 44±30 44±30 42±34 45±30 41±28 
Del Nido 123±20 101±23 100±25 98±20 95±19 93±18 93±16 
p 0.3 0.0001 0.0001 0.0001 0.0001 0.0005 0.0002 
 
 

Table 2. Hemodynamic parameters measured during working heart mode: aged 

hearts.  

n = 8 per group up to 30 minute time point and n=7 for 45 and 60 minute time point  

NS = Mixed linear model analysis was not significant so post-hoc comparisons not 

performed 
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Figure 13. Heart rate in standard and del Nido cardioplegia groups. Graph 

showing heart rate measured during working heart mode before (baseline) and at 

several time points after 60 minutes of cardioplegic arrest and 20 minutes of 

reperfusion for the standard and del Nido cardioplegia groups. Data points 

represent mean±SEM, n=8 per group up to 30 minutes and 7 per group for 45 and 

60 minute time points, *=p≤0.001.  

1.5.1 Heart Rate 

Heart rate was not significantly different during baseline working heart mode in 

hearts arrested with either standard or del Nido cardioplegia (219±6 vs. 224±6 bpm, 

p=NS). Additionally, after reperfusion, heart rates were also not significantly different 

between del Nido and standard cardioplegia (t=5: 228±8 vs. 197±16, t=10: 231±9 vs. 

200±16, t=15: 235±6 vs. 200±16, t=30: 233±9 vs. 204±19, t=45: 233±11 vs. 198±21, 

t=60: 229±12 vs. 198±22 bpm, del Nido vs. standard cardioplegia, p=NS, Table 2, 

Figure 13). 
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Figure 14. Rate-Pressure Product in standard and del Nido cardioplegia groups. 

Graph showing Rate-Pressure Product calculated during working heart mode before 

(baseline) and at several time points after 60 minutes of cardioplegic arrest and 20 

minutes of reperfusion for the standard and del Nido cardioplegia groups. Data points 

represent mean±SEM, n=8 per group up to 30 minutes and 7 per group for 45 and 60 

minute time points, *=p≤0.001.  

1.5.2 Rate-Pressure Product 

RPP was similar between the two cardioplegia groups at baseline for both groups

(30±1 x103 mmHg*min-1 for both groups, Table 2, Figure 14). However, during post-

reperfusion working heart mode, RPP was significantly greater in hearts arrested with del 

Nido cardioplegia than standard cardioplegia across the entire time period (t=5: 29±1 vs. 

20±2, t=10: 29±1 vs. 20±2, t=15: 30±1 vs. 20±2, t=30: 29±1 vs. 19±3, t=45: 29±1 vs. 

20±3, t=60: 28±1 vs. 20±3 x103 mmHg*min-1, del Nido vs. standard cardioplegia, 

p≤0.001; Table 2, Figure 14).  
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1.5.3 Left Ventricular Developed Pressure 

 

 LVDP between the standard and del Nido cardioplegia groups was not 

significantly different at baseline (125±10 vs. 120±12 mmHg, del Nido versus standard 

cardioplegia, p=NS). However, LVDP was higher in hearts arrested with del Nido 

cardioplegia than with standard cardioplegia across the entire working heart period (t=5: 

116±8 vs. 85±18, t=10: 114±11 vs. 85±18, t=15: 115±10 vs. 85±19, t=30: 113±10 vs. 

79±25, t=45: 111±12 vs. 82±23, t=60: 110±8 vs. 82±22 mmHg, del Nido vs. standard 

cardioplegia,  p≤0.001, Table 2, Figure 15B). Representative tracings of aortic pressure 

recorded in working heart mode, for hearts arrested with standard and del Nido 

cardioplegia are shown in Figure 15A. There was a noticeable decline in peak systolic 

pressure from baseline to post-reperfusion for hearts arrested with standard cardioplegia, 

not seen to the same extent in hearts arrested with del Nido cardioplegia (Figure 15A).   
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Figure 15. Analysis of LVDP before and after arrest and reperfusion. A) 

Representative tracings of aortic pressure recorded in working heart mode. Baseline and 

post-reperfusion tracing are shown from hearts arrested with standard (upper panels) and 

del Nido cardioplegia (lower panels). B) Graph showing LVDP measured during working 

heart mode before (baseline) and at several time points after 60 minutes of cardioplegic 

arrest and 20 minutes of reperfusion for the standard and del Nido cardioplegia groups. 

Data points represent mean±SEM, n=8 per group up to 30 minutes and 7 per group for 45 

and 60 minute time points, *=p≤0.001. 
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1.5.4 Coronary Flow 

Although there were no significant differences in basal coronary flow rates 

between standard and del Nido cardioplegia (103±7 vs. 97±5 ml*min-1*g-1, del Nido vs. 

standard cardioplegia, p=NS) during post-reperfusion working heart mode, coronary flow 

was significantly elevated in hearts arrested with del Nido cardioplegia than in standard 

cardioplegia, across the entire time period (t=5: 101±6 vs. 61±9, t=10: 101±6 vs. 60±9, 

t=15: 101±6 vs. 61±7, t=30: 101±6 vs. 60±11, t=45: 99±6 vs. 65±11, t=60: 101±9 vs. 

61±12 ml*min-1*g-1, del Nido vs. standard cardioplegia, p≤0.001, Table 2, Figure 16).     

Figure 16. Coronary flow in standard and del Nido cardioplegia groups. Graph 

showing coronary flow measured during working heart mode before (baseline) and at 

several time points after 60 minutes of cardioplegic arrest and 20 minutes of 

reperfusion for the standard and del Nido cardioplegia groups. Data points represent 

mean±SEM, n=8 per group up to 30 minutes and 7 per group for 45 and 60 minute time 

points, *=p≤0.001.  

BASELINE 5 10 15 30 45 60
0

50

100

150

Standard
Del Nido

C
or

on
ar

y 
Fl

ow
 (m

l*m
in

-1
*g

-1
)

C
ar

di
op

le
gi

c 
ar

re
st

R
ep

er
fu

sio
n

Time in Working Heart (min)

******



 

 55 
 

1.5.5 Cardiac Output 

 

 Cardiac output at baseline was not different between the two cardioplegia groups 

(196±9 vs. 181±18 ml*min-1*g-1 , del Nido vs. standard cardioplegia, p=NS). However, 

following reperfusion, during working heart mode, CO was significantly higher and 

recovery was better in hearts arrested with del Nido cardioplegia than with standard 

cardioplegia, across the entire working heart period (t=5: 177±14 vs. 85±23, t=10: 

180±16 vs. 87±23, t=15: 181±15 vs. 88±24, t=30: 177±14 vs. 86±24, t=45: 174±13 vs. 

92±23, t=60: 173±14 vs. 86±22 181±18 ml*min-1*g-1, del Nido vs. standard cardioplegia, 

p≤0.001, Table 2, Figure 17 A and B). Representative tracings of aortic flow for each 

type of cardioplegia, during baseline and post-reperfusion working heart, are shown in 

Figure 17 A. 
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Figure 17. Cardiac output in standard and del Nido cardioplegia groups. A) 

Representative tracings of aortic flow recorded in working heart mode. Baseline and 

post-reperfusion tracing are shown from hearts arrested with standard cardioplegia 

(left panels) and del Nido cardioplegia (right panels). B) Graph showing cardiac 

output measured during working heart mode before (baseline) and at several time 

points after 60 minutes of cardioplegic arrest and 20 minutes of reperfusion for the 

standard and del Nido cardioplegia groups. Data points represent mean±SEM, n=8 per 

group up to 30 minutes and 7 per group for 45 and 60 minute time points, *=p≤0.001. 
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1.5.6 Stroke Volume 

There were no significant differences in stroke volume values at baseline between 

standard and del Nido cardioplegia groups (90±4 vs. 81±7 x10-2 ml*g-1, del Nido vs. 

standard cardioplegia, p=NS). However, SV was significantly greater in hearts arrested 

with del Nido cardioplegia than standard cardioplegia throughout the entire working heart 

period following reperfusion (t=5: 78±6 vs. 40±10, t=10: 78±6 vs. 41±10, t=15: 77±5 vs. 

41±10, t=30: 76±5 vs. 40±10, t=45: 75±5 vs. 43±10, t=60: 76±4 vs. 40±10 x10-2 ml*g-1, 

del Nido vs. standard cardioplegia, p≤0.001, Table 2, Figure 18). 

Figure 18. Stroke volume in standard and del Nido cardioplegia groups. Graph 

showing stroke volume calculated during working heart mode before (baseline) and 

at several time points after 60 minutes of cardioplegic arrest and 20 minutes of 

reperfusion for the standard and del Nido cardioplegia groups. Data points represent 

mean±SEM, n=8 per group up to 30 minutes and 7 per group for 45 and 60 minute 

time points, *=p≤0.001.  
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1.5.7 Stroke Work 

At baseline, there were no differences in stroke work between standard and del 

Nido cardioplegia (123±20 vs. 108±28 ml*mmHg*g-1, del Nido vs. standard cardioplegia, 

p=NS). However, throughout the entire working heart period, SW was higher in hearts 

arrested with del Nido cardioplegia (t=5: 101±23 vs. 43±30, t=10: 100±25 vs. 44±30, 

t=15: 98±20 vs. 44±30 vs. t=30: 95±19 vs. 42±34, t=45: 93±18 vs. 45±30, t=60: 93±16 

vs. 41±28 ml*mmHg*g-1 , del Nido vs. standard cardioplegia, p≤0.001, Table 2, Figure 

19).  

Figure 19. Stroke work in standard and del Nido cardioplegia groups. Graph 

showing stroke work calculated during working heart mode before (baseline) and at 

several time points after 60 minutes of cardioplegic arrest and 20 minutes of 

reperfusion for the standard and del Nido cardioplegia groups. Data points represent 

mean±SEM, n=8 per group up to 30 minutes and 7 per group for 45 and 60 minute 

time points, *=p≤0.001.  
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1.5.8 Coronary Vascular Resistance 

 

 Coronary vascular resistance during the retrograde perfusion phase of reperfusion 

was ≈50% less in hearts arrested with del Nido cardioplegia compared to our standard 

cardioplegia (0.75±0.05 vs. 1.43±0.31 mmHg*min*ml-1*g 1, del Nido vs. standard 

cardioplegia, p=0.0497, Figure 20A). This was due to an increase in resistance over 

baseline in the standard cardioplegia group that was not seen in the del Nido cardioplegia 

group (ΔCVR: 0.68±0.22 vs. -0.05±0.04 mmHg*min*ml-1*g-1, p=0.007, Figure 20B).  
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Figure 20. Coronary Vascular Resistance in standard and del Nido cardioplegia 

groups. A) Bar graph of CVR calculated at the end of the retrograde perfusion phase of 

reperfusion. B) Bar graph showing the change in CVR (ΔCVR) over baseline (end of 

reperfusion minus baseline CVR). Bars represent mean±SEM, n=8 per group. 
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Figure 21. Troponin-I release from aged hearts during reperfusion. Bar graph 

showing the amount of Tn-I released in hearts arrested with standard and del Nido 

cardioplegia. Bars represent mean±SEM, n=8 per group. 

1.6 Troponin Release into Coronary Effluent 

To assess the impact of del Nido cardioplegia on cardiomyocyte damage after 

arrest and reperfusion, we assayed troponin I from the collected coronary effluent.  

Troponin levels were ≈70% less in hearts protected with del Nido cardioplegia when 

compared to standard cardioplegia (0.24±0.05 vs. 0.89±0.23 ng/ml, p=0.02, Figure 21).   
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Figure 22. Measurement of myocardial edema in standard and del Nido 

cardioplegia groups. Bars represent mean±SEM, n=8 per group. 
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1.7 Myocardial Edema 

To assess the potential impact of cardioplegia strategy on the development of 

myocardial edema, we examined water content in the ventricular myocardium at the end 

of each study (Figure 22). The amount of myocardial water was similar in each group 

(0.94±0.05 vs. 0.92±0.02 g for standard and del Nido respectively, p=NS).  Similarly, the 

ratio of water to dry weight of the ventricular myocardium was not different (5.1±0.1 vs. 

4.9±0.1 for standard and del Nido respectively, p=NS). 
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2.  Young Adult Hearts Experiment 

 

2.1  Eligibility of Hearts 

 

 To determine if del Nido cardioplegia could provide cardioprotection to the young 

adult heart, we studied young adult rats (male Fischer rats, 3-4 months old) using the 

same working heart model of arrest with blood cardioplegia.  Thirteen of 14 hearts (93%) 

met the pre-determined functional criteria for inclusion into the study (see Materials and 

Methods section). Of the hearts that met baseline criteria, 2/14 (14%) hearts stopped 

during the protocol and data was not included. In these two hearts, both of which were 

given standard cardioplegia, the resistance in the syringe was extremely high during 

cardioplegic arrest, preventing delivery of the doses of cardioplegia within our 

predetermined pressure limits and were therefore excluded from the study. This did not 

occur in any hearts arrested with del Nido cardioplegia, or with the aged hearts 

experiment. Six hearts were arrested with standard cardioplegia (n=6), and six hearts 

were arrested with del Nido cardioplegia (n=6). 

 

2.2  Cardiac Temperature 

 

 Cardiac temperature was measured in the young adult rat hearts similarly as with 

the aged hearts group. Cardiac temperatures were similar in both groups following 

induction (17±1 and 19±1°C, del Nido vs. standard cardioplegia, p=NS) and were also 

similar prior to reperfusion (17±1 and 18±1°C, del Nido vs. standard cardioplegia, 
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p=NS). Thus, the change in cardiac temperature from the start to the end of the arrest 

period was also not significantly different between the two cardioplegia solutions (-

0.3±0.5°C vs. -1.1±1.4°C, del Nido vs. standard cardioplegia, p=NS; Figures 23-25)
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Figure 23. Cardiac temperature following delivery of induction dose of 

standard and del Nido cardioplegia. Bars represent mean±SEM, n=6 per group. 
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Figure 24. Cardiac temperature prior to the start of reperfusion in 

hearts arrested with standard and del Nido cardioplegia. Bars 

represent mean±SEM, n=6 per group. 
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Figure 25. Change in cardiac temperature over the cardioplegic arrest period 

for hearts arrested with standard and del Nido cardioplegia (p=NS). Bars 

represent mean±SEM, n=6 per group. 
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2.3 Spontaneous Activity during Cardioplegic Arrest 

 

 Spontaneous electromechanical activity was examined during the cardioplegic 

arrest period to determine if standard and del Nido cardioplegia could maintain arrest in 

young adult hearts. Spontaneous activity was observed in 2/6 (33%) hearts in the standard 

cardioplegia group, and none of the hearts (0/6, 0%) in the del Nido group showed any 

spontaneous activity. However, there were no significant differences with respect to 

spontaneous activity between the two groups (p=NS, Figure 26). In the two hearts that 

showed spontaneous activity from the standard cardioplegia group, occasional wide 

complex beats were also seen on the electrocardiogram with accompanying mechanical 

activity, similar to Figure 10A.  
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Figure 26. Analysis of spontaneous activity during cardioplegic arrest. Bar graph 

representing the percentage of hearts showing spontaneous activity during arrest with 

either standard or del Nido cardioplegia. Bars represent mean±SEM, n=6 per group. 
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2.4 Return of Rhythm at Reperfusion 

In the young adult hearts experiment, it took the hearts arrested with del Nido 

cardioplegia approximately 1.5x longer for their heartbeat to return following the end of 

the cardioplegic arrest period and the onset of reperfusion (56±6 vs. 38±5 s, del Nido vs. 

standard cardioplegia, p=0.0284, Figure 27). All hearts had occasional extra systoles or 

short runs of bigeminy during reperfusion. Although one heart (1/6; 17%) in the standard 

cardioplegia group had short runs of sustained tachyarrhythmia that resolved 

spontaneously and were self-limiting, whereas none of the hearts (0/6; 0%) in the del 

Nido group had runs of tachyarrhythmia, these differences were not significant (p=NS, 

Figure 28).  
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Figure 27. Analysis of return of first heart beat (rhythm) following the start of 

reperfusion. A) Representative ECG tracings from the start of reperfusion (t=0) in 

hearts arrested with standard (upper panel) and del Nido cardioplegia (lower panel). 

B) Bar graph representing average time to return of first heart beat after the start of 

reperfusion in hearts arrested with standard and del Nido cardioplegia. Bars

represent mean±SEM, n=6 per group. 
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Figure 28. Percent of hearts that had short runs of sustained tachyarrhythmia 

during retrograde reperfusion, that were resolved and were self-limiting (p=NS). 

Bar graph representing percent of hearts that had incidences of tachyarrhythmia 

during reperfusion in hearts arrested with standard and del Nido cardioplegia. Bars 

represent mean±SEM, n=6 per group.
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2.5 Hemodynamic Measurements 

 

Hemodynamic measurements for the young adult hearts experiment were 

recorded in the same manner as in the aged hearts experiment, following the same 

perfusion protocol (Figure 6). A summary of the hemodynamic parameters measured 

during working heart mode for the young adult hearts is shown in Table 3.  
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 Baseline  Post Reperfusion 
 

5 10 15 30 45 60 min 
Heart Rate (BPM) 
Standard 268±12 257±17 254±19 256±20 258±16 265±13 243±25 
Del Nido 248±13 246±14 239±14 242±11 243±10 240±13 235±17 
p NS NS NS NS NS NS NS 
 
Rate Pressure Product (x103 mmHg*min-1) 
Standard 33±1 26±2 25±2 25±2 24±2 25±1 22±2 
Del Nido 31±2 28±1 28±1 29±1 28±1 26±2 25±2  
p NS NS NS NS NS NS NS 
 
Systolic Pressure (mmHg) 
Standard 116±3 100±4 99±4 100±5 93±3 93±3 90±2 
Del Nido 125±6 116±6 120±7 119±6 114±5 110±4 107±4
p NS NS <0.05 NS p<0.05 NS NS 
 
LVDP (mmHg) 
Standard 101±4 85±4 83±4 84±5 77±3 77±3 74±2 
Del Nido 111±6 102±6 105±7 103±7 98±5 95±4 91±4 
p NS NS p<0.05 NS NS NS NS 
 
Coronary Flow (ml*min-1*g-1) 
Standard 127±6 75±7 76±6 77±7 81±7 84±7 80±7 
Del Nido 114±8 100±7 100±8 104±8 105±8 103±8 99±9 
p NS NS NS NS NS NS NS 
 
Cardiac Output (ml*min-1*g-1) 
Standard 313±9 159±23  150±20  150±19  137±19  129±18  110±18 
Del Nido  274±26 229±23 220±24 224±26 204±25 189±27 172±28 
p NS NS NS NS NS NS NS 

Stroke Volume (x10-2 ml*g-1) 
Standard 109±7 62±8 59±7 59±7 54±8 49±7 46±6 
Del Nido 109±6 92±5 91±7 91±7 83±8 77±8 71±8 
p NS NS NS NS NS NS NS 
 
Stroke Work (ml*mmHg*g-1) 
Standard 127±12 64±9 60±8 60±8 51±9 46±7 42±6 
Del Nido 135±6 106±6 108±6 108±9 93±9 84±10 75±9 
p NS p<0.05 p<0.01 p<0.01 p<0.05 NS NS 
 

 
Table 3. Hemodynamic parameters measured during working heart mode: young 

adult hearts; n=6 per group. 
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Figure 29. Heart rate in standard and del Nido cardioplegia groups. Graph 

showing heart rate measured during working heart mode before (baseline) and at 

several time points after 60 minutes of cardioplegic arrest and 20 minutes of 

reperfusion for the standard and del Nido cardioplegia groups. Data points represent 

mean±SEM, n=6 per group.  

2.5.1 Heart Rate 

Heart rate was measured throughout the experimental protocol as in the aged 

hearts experiment. Heart rate was not significantly different during baseline between 

standard and del Nido cardioplegia groups (248±13 vs. 268±12 bpm, del Nido vs. 

standard cardioplegia, p=NS, Table 3, Figure 29) and was also not significantly different 

during post-reperfusion working heart (p=NS). 
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Figure 30. Rate-Pressure Product in standard and del Nido cardioplegia groups. 

Graph showing Rate-Pressure Product calculated during working heart mode before 

(baseline) and at several time points after 60 minutes of cardioplegic arrest and 20 

minutes of reperfusion for the standard and del Nido cardioplegia groups. Data points 

represent mean±SEM, n=6 per group. 

2.5.2 Rate-Pressure Product 

Rate-Pressure Product (RPP) was calculated during baseline and post-reperfusion 

similarly as with the aged hearts. RPP was similar between the two cardioplegia groups at 

baseline (31±2 vs. 33±1 x103 mmHg*min-1, del Nido vs. standard cardioplegia, p=NS). 

Following reperfusion, there were also no differences in RPP between the two 

cardioplegia groups during the 60-minute working heart period (p=NS). 
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Figure 31. Left ventricular developed pressure before and after arrest and 

reperfusion. Graph showing LVDP measured during working heart mode before 

(baseline) and at several time points after 60 minutes of cardioplegic arrest and 20 

minutes of reperfusion for the standard and del Nido cardioplegia groups. Data points 

represent mean±SEM, n=6 per group, *=p<0.05. 

2.5.3 Left Ventricular Developed Pressure 

LVDP was calculated for the young adult rat hearts with both types of 

cardioplegia. There were no significant differences in LVDP between standard and del 

Nido cardioplegia at baseline (111±6 vs. 101±4 mmHg, del Nido vs. standard 

cardioplegia, p=NS). Following reperfusion, during working heart, LVDP was 

significantly higher in the del Nido group only at t=10 (105±7 vs. 83±4, del Nido vs. 

standard cardioplegia, p<0.05, Table 3, Figure 31). At all other time points in working 

heart mode, the increase in LVDP in the del Nido group was not significant (p=NS). 
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2.5.4 Coronary Flow 

Coronary flow was measured at baseline and post-reperfusion working heart 

modes for the young adult hearts. There were no significant differences in coronary flow 

between the standard cardioplegia and del Nido cardioplegia groups at baseline (127±6 

vs. 114±8 ml*min-1*g-1, del Nido vs. standard cardioplegia, p=NS) and during post-

reperfusion working heart mode (p=NS). 

 

2.5.5 Cardiac Output

Figure 32. Coronary flow in standard and del Nido cardioplegia groups. Graph 

showing coronary flow measured during working heart mode before (baseline) and at 

several time points after 60 minutes of cardioplegic arrest and 20 minutes of reperfusion 

for the standard and del Nido cardioplegia groups. Data points represent mean±SEM, 

n=6 per group. 
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Figure 33. Cardiac output in standard and del Nido cardioplegia groups. Graph 

showing cardiac output measured during working heart mode before (baseline) and at 

several time points after 60 minutes of cardioplegic arrest and 20 minutes of reperfusion 

for the standard and del Nido cardioplegia groups. Data points represent mean±SEM, 

n=6 per group. 

2.5.5 Cardiac Output 

Cardiac output was calculated for the young adult hearts. There were no 

significant differences in cardiac output between standard and del Nido cardioplegia at 

baseline (274±26 vs. 313±9 ml*min-1*g-1, del Nido vs. standard cardioplegia, p=NS) and 

following reperfusion, in working heart mode (Table 3, Figure 33). Cardiac output 

values were not significantly different during post-reperfusion working heart mode 

(p=NS). 
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2.5.6 Stroke Volume 

Stroke volume was calculated in hearts arrested with standard and del Nido 

cardioplegia in the young adult similarly as with the aged hearts experiment. There were 

no significant differences between the two cardioplegia groups at baseline (109±6 vs. 

109±7 x10-2 ml*g-1, del Nido vs. standard cardioplegia, p=NS). During post-reperfusion 

working heart, there were no significant differences in stroke volume between del Nido 

and standard cardioplegia (p=NS). 

Figure 34. Stroke volume in standard and del Nido cardioplegia groups. Graph 

showing stroke volume calculated during working heart mode before (baseline) and at 

several time points after 60 minutes of cardioplegic arrest and 20 minutes of reperfusion 

for the standard and del Nido cardioplegia groups. Data points represent mean±SEM, 

n=6 per group. 
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2.5.7 Stroke Work 

Stroke work was calculated for the young adult hearts at baseline and post-

reperfusion. At baseline, there were no differences in stroke work between standard and 

del Nido cardioplegia (135±6 vs. 127±12 ml*mmHg*g-1, del Nido vs. standard 

cardioplegia, p=NS). However, during the first 30 minutes of post-reperfusion working 

heart, stroke work was greater in the del Nido group than in the standard group (t=5: 

106±6 vs. 64±9, t=10: 108±6 vs. 60±8; t=15: 108±9 vs. 60±8, t=30: 93±9 vs. 51±9 

ml*mmHg*g-1 , del Nido vs. standard cardioplegia, p<0.05, Table 3, Figure 35) but was 

not significantly different between the two cardioplegia groups for the next 30 minutes of 

the working heart period. 

Figure 35. Stroke work in standard and del Nido cardioplegia groups. Graph 

showing stroke work calculated during working heart mode before (baseline) and at 

several time points after 60 minutes of cardioplegic arrest and 20 minutes of reperfusion 

for the standard and del Nido cardioplegia groups. Data points represent mean±SEM, n=6 

per group, *=p<0.05; **=p≤0.001. 
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2.5.8 Coronary Vascular Resistance 

 

 Coronary vascular resistance was determined at the end of retrograde reperfusion, 

before switching to pressure mode, in the same manner as in the aged hearts experiment. 

During the retrograde perfusion phase of reperfusion, coronary vascular resistance was 

not different between the two types of cardioplegia solutions (0.79±0.02 vs. 1.00±0.11 

mmHg*min*ml-1*g 1, del Nido vs. standard cardioplegia, p=NS, Figure 36A). 

Additionally, the change in CVR from baseline to retrograde reperfusion (ΔCVR) was 

also not significantly different between the standard and del Nido cardioplegia groups (-

0.06±0.14 vs. 0.27±0.16 mmHg*min*ml-1*g-1, p=NS, Figure 36B).  
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Figure 36. Coronary Vascular Resistance in standard and del Nido cardioplegia 

groups. A) Bar graph of CVR calculated at the end of the retrograde perfusion phase 

of reperfusion. B) Bar graph showing the change in CVR (ΔCVR) over baseline 

(end of reperfusion minus baseline CVR). Bars represent mean±SEM, n=6 per 

group. 
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Figure 37. Troponin-I release from young adult hearts during reperfusion. Bar 

graph showing the amount of Tn-I released in hearts arrested with standard and del Nido 

cardioplegia. Bars represent mean±SEM, n=6 per group. 

2.6 Troponin Release into Coronary Effluent 

To assess the impact of del Nido cardioplegia on cardiomyocyte damage after 

arrest and reperfusion, we assayed troponin-I from the collected coronary effluent, for the 

young adult hearts. Between the two cardioplegia groups, there were no significant 

differences in troponin-I levels (0.67±0.24 vs. 1.44±0.38 ng/ml, del Nido vs. standard 

cardioplegia, p=NS, Figure 37). 
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Figure 38. Measurement of myocardial edema in standard and del Nido 

cardioplegia groups (p=NS). Bars represent mean±SEM, n=6 per group. 

 

Standard Del Nido
0

2

4

6

p=NS

In
de

xe
d 

M
yo

ca
rd

ia
l W

at
er

 (g
)

2.7 Myocardial Edema 

Myocardial edema was quantified in the young adult hearts as in the aged hearts 

experiment (Figure 38). The amount of myocardial water was similar in each group 

(0.68±0.01 for both groups, p=NS). The ratio of water to dry weight of the ventricular 

myocardium was also not different (4.6±0.1 vs. 4.4±0.1 for standard and del Nido 

respectively, p=NS, Figure 38). 
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CHAPTER 4: DISCUSSION 

 

1. Overview 

 

The overall aim of this study was to determine if the use of del Nido cardioplegia 

could result in superior functional recovery in both whole, isolated aged and young adult 

hearts compared to our standard cardioplegia.  

 

The first objective of the study was to determine if the benefits of del Nido 

cardioplegia, seen in isolated cardiomyocytes from aged animals, translates into 

improved function in the whole aged heart. It was hypothesized that since our lab has 

previously shown that in isolated cardiomyocytes, arrest with del Nido cardioplegia 

resulted in lower spontaneous and inducible activity during ischemia, lower diastolic Ca2+ 

during ischemia-reperfusion, and avoidance of hypercontraction during early reperfusion 

in aged cardiomyocytes when compared with standard cardioplegia (O’Blenes et al., 

2011), that del Nido cardioplegia has been shown to be clinically beneficial for pediatric 

patients in reducing post-operative troponin-I levels compared to our standard 

cardioplegia (O’Brien et al., 2009), and that the pediatric and aged heart share similarities 

because they are both particularly vulnerable to ischemia reperfusion injury, then del 

Nido cardioplegia could provide superior myocardial protection by improving post-

ischemic functional recovery of aged rat hearts versus our standard cardioplegia.  

 



 

 86 
 

The second objective of the study was to determine if del Nido cardioplegia 

provides better cardioprotection over our standard cardioplegia in the young adult heart. 

Although del Nido cardioplegia has been given to young adult patients in the clinic 

(Matte et al., 2012) there is a lack of basic science and clinical evidence to support the 

superiority of del Nido cardioplegia over other cardioplegia formulations that are similar 

in composition compared to our standard cardioplegia. It was hypothesized that since the 

young adult heart is more tolerant to ischemia-reperfusion injury than the aged heart 

(Ataka et al., 1992), use of del Nido cardioplegia in the young adult heart would not exert 

the same level of cardioprotection than in the aged heart, and would not provide 

significant advantages over our standard cardioplegia. Del Nido and standard 

cardioplegia could be similar in effectiveness when delivered to the young adult heart.  

 

2. Interpretation of Results 

 

2.1 Spontaneous Activity during Cardioplegic Arrest 

 

Similar to the observations in our lab’s previous in vitro isolated cardiomyocyte 

study (O’Blenes et al., 2011), we found a reduction in spontaneous activity in aged hearts 

arrested with del Nido cardioplegia.  This may be related to Na+ channel blockade with 

lidocaine, but del Nido cardioplegia also contains slightly more K+ and Mg2+ than our 

standard cardioplegia resulting in more pronounced membrane depolarization that may 

also contribute to more effective arrest (O’Brien et al., 2009). We have recently 

demonstrated that the lidocaine concentration used in del Nido cardioplegia decreases the 
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potential for Na+ influx by minimizing the so-called Na+ “window” current during 

cardioplegic arrest. This “window” current is a tonally active, inward sodium current that 

has the potential to provide sodium influx during the cardioplegic arrest period. 

Myocardial function is closely related to intracellular Ca2+ concentration. The normal 

Ca2+ flux in the myocardium increases intracellular Ca2+ for contraction and decreases it 

for relaxation. If Ca2+ is allowed to accumulate in the myocardium, relaxation may be 

interrupted and diastolic stiffness with poor recovery may result (Larach et al., 1995). 

Magnesium has been shown to be a natural Ca2+ channel blocker (Iseri et al., 1984). This 

effect is likely how Mg2+ has been shown to improve ventricular recovery in hypothermic 

cardioplegia solutions when coupled with a low calcium level, and may also explain why 

spontaneous activity was reduced in aged hearts arrested with del Nido cardioplegia 

(Brown et al., 1995). The role of magnesium in blocking Ca2+ channels in del Nido 

cardioplegia would have to be studied further in a cardiomyocyte model of cardioplegic 

arrest and reperfusion similar to the model utilized by O’Blenes et al. (2011), whereby 

calcium transients and cell length shortening can be measured, and in a set of isolated 

working heart experiments where del Nido cardioplegia is delivered during arrest with 

varying concentrations (or none) of Mg2+ in solution, and functional recovery parameters 

are recorded.  

 

Since all of the Ca2+ in the two cardioplegia solutions comes from the blood, and 

that standard cardioplegia contains more blood and therefore 75% more Ca2+ (Table 1), 

the lower amount of Ca2+ in del Nido cardioplegia may help to prevent Ca2+-induced 

hypercontracture to a greater degree than standard cardioplegia.  Reduced spontaneous 
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activity during the ischemic period should limit the development of intracellular acidosis, 

which drives the Na+, and subsequently Ca2+ influx that contributes to ischemia-

reperfusion injury (O’Blenes et al., 2011). In the aged heart, it is possible that more 

effective elimination of spontaneous activity as seen with del Nido cardioplegia could 

translate into reduced ischemia-reperfusion injury and improved heart function and 

therefore, better outcomes after cardiac surgery in elderly patients (O’Blenes et al., 2011). 

 

In contrast, for the young adult hearts, there was no significant difference in the 

incidence of spontaneous activity during cardioplegic arrest between del Nido and 

standard cardioplegia. This suggests that del Nido cardioplegia may not be more 

advantageous than standard cardioplegia in providing an effective arrest for the young 

adult heart. A possible explanation for this finding is that since young adult hearts are 

more tolerant to ischemia-reperfusion injury than aged hearts (McCully et al., 2006; 

Willems et al., 2005; Boucher et al., 1998; Ataka et al., 1992; Faulk et al., 1995; Tsukube 

et al., 1997; Ladilov et al., 2003; Piper et al., 2003) due to changes in Ca2+ homeostasis 

resulting in lower calcium overload during ischemia (Ataka et al., 1992; Faulk et al., 

1995; Tsukube et al. 1997), it is possible that standard cardioplegia may be just as 

effective as del Nido cardioplegia in providing a depolarized arrest. Since the degree of 

calcium overload is lessened in the young adult heart (and thus the potential for 

contractions during the arrest period), the unique additives in del Nido cardioplegia may 

be exerting a similar level of electromechanical arrest as the standard cardioplegia, and 

thus no differences were noted. It is possible that neither type of cardioplegia is better 

than the other at inducing the desired electromechanical arrest in the young adult heart. 
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2.2 Return of Rhythm during Reperfusion 

 

Del Nido cardioplegia delayed the return of rhythm in both aged and young adult 

hearts. The time to return of first heartbeat was twice as long with del Nido cardioplegia 

in the aged hearts study than standard cardioplegia.  This corresponds with what cardiac 

surgeons at the IWK Children’s Hospital anecdotally observed in their clinical practice 

when they switched from standard to del Nido cardioplegia for their pediatric patients 

(O’Brien et al., 2009; O’Blenes et al., 2011). Similarly, del Nido cardioplegia also 

delayed the return of rhythm in the young adult hearts. In the young adults hearts, the 

time to return of the first heartbeat was one and a half times as long with del Nido 

cardioplegia than standard cardioplegia. This may represent a residual effect of lidocaine 

but it is not clear if the delayed resumption of rhythm plays any role in the benefit seen 

with del Nido cardioplegia.  It is possible that a period of persistent inactivity during 

early reperfusion may improve myocardial recovery in a manner similar to that seen with 

the use of terminal warm blood cardioplegia (Allen et al., 1993). 

Warm terminal blood cardioplegia creates a period of asystolic reperfusion during 

which energy produced is channeled to myocardial reparative processes rather than 

mechanical work (Hattori et al., 2000). In a study published by Teoh et al. (1986) delivery 

of a “hot shot” of cold blood followed by warm blood cardioplegia was given to patients 

undergoing elective coronary bypass grafting. The hot shot removed excess lactate from 

the arrested heart, providing early evidence that prolonging the onset of reperfusion may 
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be beneficial in improving metabolic repair of hearts before contractions eventually 

resume during reperfusion (Teoh et al., 1986). 

The major metabolic deficit caused by ischemic myocardial damage is a limited 

capacity to utilize delivered oxygen (Kawasuji et al., 1998). Kane et al. (1975) found that 

mitochondrial oxygen uptake remained reduced after reperfusion, and identified a defect 

in electron transport in the respiratory chain. Kawasuji et al. (1998) measured myocardial 

tissue oxygen saturation during reperfusion in dogs, using near-infrared spectroscopy. 

Dogs’ hearts that were given normal warm blood reperfusion showed a significant 

decrease in myocardial tissue oxygen saturation approximately 2.5 minutes after the start 

of reperfusion. They postulated that this decrease in myocardial tissue oxygen saturation 

may be attributed to an increase in metabolic requirements as post-ischemic 

electromechanical activity resumes. Previous studies have shown that myocardial oxygen 

consumption increases as a result of electromechanical activity (Holman et al., 1994). It 

is possible that del Nido cardioplegia, in delaying the return of rhythm (and 

electromechanical activity) following the onset of reperfusion, may also slow down the 

rate of myocardial oxygen consumption, thereby improving cardiac metabolism vs. 

standard cardioplegia in both the aged and young hearts. Future studies can measure the 

rate of oxygen consumption upon reperfusion in isolated hearts arrested with del Nido vs. 

standard cardioplegia. 

A period of prolonged inactivity during the early part of reperfusion may allow 

for normalization of the intracellular ion concentrations before mechanical activity can 

resume, thereby potentially reducing the risk of damaging hypercontracture. Future 
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studies can address this by utilizing a cardiomyocyte model of cardioplegic arrest and 

reperfusion to study the effects of length of delay in time of reperfusion on the amplitude 

of calcium transients. Del Nido cardioplegia may exert better cardioprotection than 

standard cardioplegia by allowing time for some of the calcium overload to be attenuated 

via blocking of sodium influx (lidocaine), therefore potentially reducing the extent of 

hypercontracture during reperfusion. During the earliest phase of reperfusion, 

development of cardiomyocyte hypercontracture has been shown to be the primary cause 

of cardiomyocyte necrosis. It has been demonstrated that control of hypercontracture 

during reperfusion reduces the extent of tissue injury (Piper et al., 2004). Literature has 

shown that reperfusion-induced hypercontracture may originate from Ca2+ overload, when 

energy recovery is rapid due to the resupply of oxygen but cytosolic Ca2 load is high 

(Piper et al., 2004). 

This so-called “Ca2+ overload-induced hypercontracture” may be attenuated in 

hearts arrested with del Nido cardioplegia. It is the resupply of energy to the myofibrillar 

elements in the presence of an increase of cytosolic Ca2+ concentration which may be 

deleterious for the reoxygenated cell (Piper et al., 1998). This is because during the initial 

phase of reoxygenation, the cytosolic Ca2+ is still largely elevated and myofibrillar 

activation therefore leads to uncontrolled, excessive force generation. This sustained 

force generation causes hypercontraction (Piper et al., 1998). The hypercontracting 

cardiomyocyte becomes severely injured in its cytoskeletal structures as the deformation 

of cytoskeletal elements beyond the degree found under normal contractile shortening is 

no longer readily reversible. The resulting state of irreversible cell shortening is called 
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“hypercontracture”. In tissue, hypercontraction of adjacent cells may lead to mutual cell 

disruptions and necrosis (Piper et al., 1998). 

Under conditions of energy depletion such as during ischemia-reperfusion injury, 

the cytosol of the cardiomyocyte becomes loaded with Na+ and Ca2+ (Piper et al., 1998). 

Recovery of energy production upon resupply with oxygen and metabolic substrates 

rapidly reactivates two major cation pumps: the Ca2+-ATPase of the SR and the Na+/K+-

ATPase of the sarcolemma (Piper et al., 1998). Activation of the Ca2+-ATPase of the SR 

leads to a temporary sequestration of excess Ca2+ within the SR (Siegmund et al., 1992; 

Siegmund et al., 1994). If the capacity of the SR is too small for the amount of Ca2+ 

accumulated in the cytosol, a cycle of continuous release and reuptake of Ca2+ from and 

into the SR is initiated (Piper et al., 1998, Siegmund et al., 1992; Siegmund et al., 1994). 

These spontaneous oscillations reach an end only if the major mechanism for Ca2+ 

extrusion from the cytosol is sufficiently activated – through activation of the forward 

mode of the sarcolemmal NCX (Siegmund et al., 1994).  Restoration of a sufficiently 

large Na+ gradient is the prerequisite for extrusion of Ca2+ from reoxygenated 

cardiomyocytes. It is essential that the Na+/K+ ATPase of the sarcolemma is rapidly 

activated to remove excess Na+ from the interior of the cell (Piper et al., 1998, Siegmund 

et al., 1992; Siegmund et al., 1994). 

 

Ischemic cardiomyocytes become energy depleted and subsequently develop Ca2+ 

overload of the cytosol due to an initial accumulation of Na+ and subsequent uptake of 

Ca2+ through a reverse-mode operation of the sarcolemmal NCX (Piper et al., 2004). At 

the end of ischemia, this leaves the ischemic cardiomyocytes in a state of cytosolic Ca2+ 
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overload. If the ability of mitochondria to resume ATP synthesis is not critically impaired 

during the ischemic period, reoxygenation brought on by reperfusion leads to a rapid 

recovery of oxidative energy production (Piper et al., 2004). Resynthesis of ATP can 

enable cardiomyocytes to recover from the loss of cytosolic cation balance, but it also 

reactivates the contractile machinery. Contractile activation is normally faster than Ca2+ 

recovery, and this leads to an uncontrolled Ca2+-dependent contraction (Piper et al., 

2004). Experimental evidence has shown that cyclic uptake and release of Ca2+ by the 

sarcoplasmic reticulum (SR) in the reoxygenated cardiomyocytes immediately triggers a 

Ca2+ overload-induced hypercontracture (Schafer et al., 2001). These oscillatory Ca2+ 

shifts lead to high cytosolic peak Ca2+ concentrations. The frequency of these Ca2+ peaks 

is influenced by an ongoing Ca2+ influx across the sarcolemma during the early phase of 

reoxygenation. During this period, the transsarcolemmal Na+ gradient is still reduced and 

the NCX still operates in the reverse mode (Schafer et al., 2001). 

 

To summarize, after ischemia, cardiomyocytes contain an excessive cytosolic 

Ca2+overload (Piper et al., 2004). In the early phase of reoxygenation, this may still be 

aggravated by a reverse-mode action of the NCX. Reoxygenation causes a re-energizing 

of the SR due to the return of oxygen inducing oxidative phosphorylation to yield more 

ATP than during ischemia (Piper et al., 1998). This causes the SR to accumulate Ca2+, 

and once full, the SR releases Ca2+. These Ca2+ movements lead to oscillatory cytosolic 

intracellular Ca2+ elevations that provoke an uncontrolled myofibrillar activation, also 

fuelled by the resupply of ATP (Piper et al., 2004; Piper et al., 1998).  Since our lab has 

previously shown that diastolic calcium levels in aged cardiomyocytes were decreased 
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during ischemia with del Nido cardioplegia compared to standard cardioplegia, it is 

highly possible (although not yet tested) that in the whole isolated heart, both aged and 

young adult, del Nido cardioplegia could be attenuating calcium overload (possibly 

through blocking sodium influx via lidocaine), thereby preventing to some extent, the 

uncontrolled myofibrillar activation leading to hypercontracture. Future studies can 

address this by utilizing an isolated cardiomyocyte model of cardioplegic arrest and 

reperfusion, comparing the effects of del Nido and standard cardioplegia on calcium 

transients, cell length shortening, and force of contractions, to provide an idea of the 

extent to which del Nido cardioplegia could attenuate hypercontracture-induced injury in 

the cell. 

 

2.3 Reperfusion Arrhythmias  

 

During ischemia and reperfusion, the late or persistent inward Na+ current is 

increased (Belardinelli et al., 2004; Belardinelli et al., 2006), which can predispose hearts 

to early after-depolarisation-like activity and arrhythmia (Belardinelli et al., 2004).  This 

late Na+ current can be reduced by Na+ channel blockers including lidocaine (Belardinelli 

et al., 2006). Reperfusion ventricular fibrillation and arrhythmias are indicators of 

reperfusion injury as they impose extra metabolic demand on the ischemic heart while 

decreasing the oxygen supply due to their deleterious effects on myocardial blood flow, 

thus aggravating post-ischemic reperfusion injury (Hattori et al., 2000). The low 

incidence of reperfusion ventricular fibrillation is thought to be related to hyperkalemia 

(Hattori et al., 2000). However, in our study we saw no episodes of ventricular fibrillation 
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and only a few runs of tachycardia that were short and self-limiting. We did not see a 

significant reduction of reperfusion tachyarrhythmias with del Nido cardioplegia, in both 

the aged and young adult heart studies, even though del Nido cardioplegia contains 

higher K+ than standard cardioplegia, but we cannot exclude the possibility that this 

might become apparent in a larger study.  

 

2.4 Troponin Release into Coronary Effluent 

 

To detect myocardial infarction, troponin-I is highly preferred as a biomarker (Klug 

et al., 2011). When damage occurs to the myocyte, troponin is released and can be 

detected in the serum (Xiong et al., 2010). In the aged hearts, use of del Nido 

cardioplegia resulted in less myocardial damage as reflected by lower troponin-I release 

during reperfusion, compared to standard cardioplegia. In contrast, in the young adult 

hearts, there were no significant differences in troponin-I release between del Nido and 

standard cardioplegia, providing evidence to further support the first hypothesis that del 

Nido cardioplegia provides superior myocardial protection to the aged heart than standard 

cardioplegia, and the second hypothesis, that del Nido and standard cardioplegia offer 

similar levels of protection in the young adult heart, with none being better than the other. 

 

2.5 Hemodynamics and Functional Recovery in Isolated Hearts 

 

Aged myocardium behaves differently than mature myocardium during ischemia 

and is not as well protected by some cardioplegia solutions (Tsukube et al., 1996; 
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Caldarone et al., 1995).  This may be one reason why older patients undergoing cardiac 

surgery have impaired recovery of ventricular function and lower survival when 

compared to younger adult patients (Hirose et al., 2000; Shahian et al., 2009).  The 

mechanism responsible for the intolerance to ischemia appears to be related to 

accelerated accumulation of intracellular Ca2+ (Ataka et al., 1992; O’Brien et al., 2009; 

Faulk et al., 1995; Tsukube et al., 1997).  Strategies to limit the accumulation of 

intracellular Ca2+ in aged hearts have been shown to improve recovery of ventricular 

function after ischemia (Faulk et al., 1995; Tsukube et al., 1997).  In previous studies 

(O’Blenes et al., 2011), it was observed that del Nido cardioplegia, developed for the 

protection of immature myocardium, has potentially beneficial effects in aged 

cardiomyocytes.  The results of our current study comparing a del Nido cardioplegia 

strategy with a ‘standard’ multi-dose 4:1 blood cardioplegia strategy suggest that those 

benefits translate into reduced myocardial damage and improved functional recovery in 

the whole aged heart. 

 

It is well known that cardiac temperature directly affects basal metabolism of the 

cardiac muscle and resistance to ischemia-reperfusion injury (Loiselle, 1985). We 

measured cardiac temperature by insertion of a temperature probe into the right 

ventricular outflow tract, recording the cardiac temperature after induction and before the 

start of reperfusion (the start and end of the arrest period). This was done to ensure that 

the cardiac temperatures during arrest did not factor into how the groups recovered. In 

both aged and young adult groups, cardiac temperatures were not significantly different.  

Since cardioplegia solutions were delivered hypothermically at the same temperature in 
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all experiments as well (1-5°C), this allowed us to make a valid comparison between del 

Nido and standard cardioplegia in terms of hemodynamic parameters. 

 

 Hemodynamic parameters were recorded at baseline in the working heart, prior to 

arrest, and during a 60-minute working heart period following reperfusion. Although 

there were no significant differences at baseline, the use of del Nido cardioplegia in the 

aged heart resulted in significantly elevated RPP, SP, LVDP, CF, CO, SV, and SW, 

throughout the entire 60-minute working heart period, providing evidence that del Nido 

cardioplegia provides superior myocardial protection to the aged heart than our standard 

cardioplegia.  

 

In contrast, in the young adult group, only SW was significantly elevated post-

reperfusion for the del Nido group, for the first 30 minutes of the 60-minute working 

heart period. Systolic pressure, LVDP, CF, CO and SV were not significantly different at 

baseline and during post-reperfusion working heart mode. There was a time point in the 

recovery of LVDP (t=10) where LVDP in the del Nido group was higher than in the 

standard group, however, this may be a random point of significance, or may indicate that 

the study was too underpowered to detect significant differences. Since no other points 

were significant, this singular point of significance alone is not enough to make a 

convincing argument that del Nido cardioplegia could provide superior protection to 

young adult hearts vs. standard cardioplegia. The hemodynamic data suggests that use of 

del Nido cardioplegia in the aged heart results in superior functional recovery vs. 

standard cardioplegia; however, use of del Nido cardioplegia in the young adult heart 
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does not provide the same level of cardioprotection. It is possible that del Nido 

cardioplegia may exert additional benefits over standard cardioplegia in the young adult 

group, as evidenced by the increased stroke work during the first 30 minutes of working 

heart, however further metabolic tests must be performed in order to provide more 

conclusive evidence. One possible explanation for the lack of significant differences in 

hemodynamics observed in the young adult group may be that perhaps the young adult 

hearts are already healthier and robust enough to begin with than the aged heart. This is 

supported by the fact that on average, the baseline cardiac output of the young adult 

hearts was much greater than that of the aged hearts (Figure 39). Del Nido cardioplegia 

may impact the aged heart more than the young adult vs. standard cardioplegia because 

the aged hearts are less robust than the young adult hearts. It is possible that del Nido and 

standard cardioplegia provide similar benefits in the young adult heart, and that 

potentially standard cardioplegia may be adequate enough to provide cardioprotection to 

these young adult hearts.  
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2.6 Coronary Vascular Resistance during Reperfusion 

Coronary vascular resistance during reperfusion was increased in the standard 

cardioplegia group but not in the del Nido cardioplegia group for the aged hearts. This 

was due to an increase in CVR over baseline (prior to arrest) that was not seen in hearts 

arrested with del Nido cardioplegia.  This may also be related to the presence of lidocaine 

in del Nido cardioplegia, which can promote coronary arteriolar vasodilation (Perlmutter 

Figure 39. Average baseline cardiac output in young adult and aged groups. 

Bars represent mean±SEM, n=12 for young adult hearts, n=16 for aged hearts. 
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et al., 1990).  However, there are alternative explanations including the possibility of 

increased microvascular obstruction related to hypothermia induced sludging (Sakai et 

al., 1988) with the higher hematocrit in the 4:1 (blood:crystalloid) standard cardioplegia. 

Decreasing the myocardial metabolic rate with hypothermia is a common practice for 

cardioplegia delivery. Hypothermia decreases oxygen and high-energy phosphate 

consumption while providing its own additional cardioplegic effect at lower temperatures  

(Larach et al., 1995; Iseri et al., 1984).  

 In contrast, interestingly, there were no significant differences in CVR during 

reperfusion or the change in CVR from baseline retrograde constant flow perfusion to 

post-ischemic retrograde reperfusion (ΔCVR) in the young adult group. Studies have 

shown that there is age-related reduction in the sensitivity of endothelial cells to respond 

to vasodilation. For example, some studies have shown that the ability of endothelial cells 

to respond to the release of nitric oxide (a vasodilator) declines with age (Homeister et 

al., 1990). Thus, del Nido cardioplegia may offer better cardioprotection in the aged heart 

through the use of lidocaine behaving as a coronary vasodilator, to improve the age-

related deterioriation in vascular function (while lidocaine is absent in standard 

cardioplegia, therefore this cardioplegia does not have the same potential to promote 

vasodilation). However, in the young adult heart, since the vasodilatory responses are 

more preserved, the additives of del Nido cardioplegia may not have a significant impact 

on coronary vasodilation compared to standard cardioplegia (Homeister et al., 1990). 

Furthermore, lidocaine has been shown to reduce neutrophil adherence in the vasculature 

to correct the “no-reflow phenomenon” – which refers to the reduced blood flow in 

ischemic tissue during reperfusion. The no-reflow phenomenon is thought to occur due to 
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the accumulation/buildup of neutrophils in the vasculature that have resulted from 

ischemia-reperfusion injury (Homeister et al., 1990). Experimental evidence has 

suggested that the aged heart receives greater post-ischemic endothelial injury during 

ischemia-reperfusion. It has been suggested that neutrophil adherence in the vasculature 

contributes toward this endothelial injury, therefore, it is possible that in the aged heart, 

there may be a greater increase in neutrophil accumulation and adherence in the 

vasculature compared to the young adult heart, although this must be tested (Homeister et 

al., 1990). It is highly possible that the presence of lidocaine in del Nido cardioplegia 

may therefore improve coronary microcirculation by attenuating neutrophil adherence, 

thereby decreasing coronary vascular resistance and improving functional recovery of the 

aged hearts. However, in the young adult heart, it is possible that there is a reduced 

accumulation of neutrophils in the vasculature, therefore the presence of lidocaine in del 

Nido cardioplegia may not improve coronary microcirculation to the same degree as in 

the aged heart, which could account for the lack of significant differences in CVR in the 

young adult hearts, however, this must be addressed in future studies to confirm. Further 

studies would have to be conducted to confirm if lidocaine, at its current concentration 

found in del Nido cardioplegia, is adequate enough to improve coronary microcirculation 

by attenuating neutrophil adherence vs. standard cardioplegia, which does not contain 

any lidocaine (Homeister et al., 1990). 

In the adult, blood cardioplegia appears to offer superior myocardial protection 

when compared to crystalloid cardioplegia (Fremes et al., 1984; Ibrahim et al., 1999). 

Blood cardioplegia has been shown to preserve myocardial metabolism and function 

(Catinella et al., 1984; Guru et al., 2006; Caputo et al., 2002; Amark et al., 2005; Amark 
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et al., 2006; Gray et al., 2001). A comparison of St. Thomas’ I crystalloid solution with 

blood cardioplegia was performed in 40 patients with ventricular septal defect (Caputo et 

al., 2002). The need for inotropic support was more frequent and prolonged in the 

crystalloid group (no blood). The mean total troponin-I release and mean total lactate 

levels were significantly lower in the blood cardioplegia group. Myocardial biopsies 

demonstrated a significant decrease in ATP concentration in the crystalloid cardioplegia 

without blood, but not in the blood cardioplegia group. Therefore, less metabolic 

ischemic stress and reperfusion injury resulted with use of the blood cardioplegia versus 

an asanguineous cardioplegia. Another study compared St. Thomas cardioplegia with 

blood cardioplegia in 30 infants with atrioventricular septal defects (Amark et al., 2005). 

Coronary sinus blood lactate concentration was significantly higher in the crystalloid 

cardioplegia group than the blood cardioplegia group, whereas left ventricular function 

was better and the cardiac index higher in the blood cardioplegia group (Amark et al., 

2005; Amark et al., 2006). The mechanism underlying the protective effects of blood 

cardioplegia may be explained by the upregulation of heat shock proteins in response to 

stress stimuli. Protective effects of these proteins against ischemia have been suggested in 

literature (Gray et al., 2001; Vittorini et al., 2007). Heat shock protein 70-1 gene 

expression was assessed on right atrium biopsies in 59 pediatric patients during blood 

cardioplegic arrest. An upregulation of this protein correlated with aortic cross-clamping 

time was observed during blood cardioplegia arrest (Vittorini et al., 2007). 

 

Del Nido cardioplegia is delivered with 20% by volume fully oxygenated patient 

blood, which supports aerobic metabolism for a finite period of time and provides 
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buffering properties to promote anaerobic glycolysis as well. Blood in cardioplegia has 

also been shown to improve coronary perfusion during cardioplegia delivery (Amark et 

al., 2005; Suaudeau et al., 1982). Furthermore, studies have shown that blood 

cardioplegia preserves myocardial metabolism and function and results in less metabolic 

ischemic stress and reperfusion injury when compared with asanguineous cardioplegia in 

a varied population of patients undergoing congenital heart surgery (Caputo et al., 2002). 

  However, the optimal dilution of the cardioplegia solution is the subject of 

ongoing debate.  While the benefits of blood cardioplegia are apparent with minimal 

hematocrit (Ibrahim et al., 1999), it has been suggested that concentrated blood 

cardioplegia improves recovery by limiting the development of myocardial edema.  We 

did not see any difference in myocardial edema in this study comparing del Nido (1:4 

blood:crystalloid) and standard cardioplegia (4:1). Myocardial edema has been implicated 

in post-ischemic myocardial impairment. Mannitol is incorporated into del Nido 

cardioplegia (but not standard cardioplegia), with the purpose of attenuating myocardial 

edema. Mannitol also acts as a scavenger of free radicals. Myocardial injury during 

cardioplegic arrest and subsequent reperfusion may be in part due to ROS including 

superoxide anion, hydrogen peroxide, and hydroxyl. These radicals are normally 

countered enzymatically within the cell, but this is inhibited during myocardial arrest 

(Braunwald et al., 1985; Powell et al., 1976). Hyperosmotic mannitol has been shown to 

scavenge free radicals and reduce myocardial cell swelling (Larach et al., 1995). 

However, despite the inclusion of mannitol in del Nido cardioplegia, there was still no 

significant improvement in myocardial edema in both the aged and young adult heart 

groups.  
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Potential advantages of dilute cardioplegia include reduced viscosity that may 

enhance cardioplegia delivery and reduce coronary vascular resistance (O’Neill et al., 

1981), and reduced potential for sludging and microvascular obstruction with 

hypothermia (Sakai et al., 1988).  Furthermore, all the Ca2+ in these cardioplegia solutions 

comes from the blood component, so del Nido has a lower Ca2+ concentration which may 

be beneficial, particularly in elderly hearts in which strategies to limit Ca2+ influx can 

reduce ischemia-reperfusion injury (Faulk et al., 1995; Tsukube et al., 1997).   

In both aged and young adult heart groups, there were no significant differences 

in CVR during post-reperfusion working heart mode. In the aged group, this finding 

suggests that although CVR was elevated in the standard cardioplegia group during 

reperfusion, when the hearts continued to be reperfused in working heart mode, the 

additional time may have allowed for CVR to recover. 

 

2.7 Dosing of del Nido Cardioplegia 

 

This study is a comparison of two cardioplegia strategies that are currently used 

clinically (O’Brien et al., 2009; Matte et al., 2012; Charette et al., 2012), therefore del 

Nido cardioplegia was administered as a single dose and standard cardioplegia was 

delivered in multiple doses.  Evidence suggests that in adults, multi-dose 4:1 blood 

cardioplegia offers benefits over a single dose (Buckberg et al., 1995), and is the strategy 

that cardiac surgeons at the QEII and IWK hospitals currently use clinically.  In contrast, 
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del Nido cardioplegia, which is typically used as a single dose, or re-dosed at long 

intervals (O’Brien et al., 2009; Matte et al., 2012; Charette et al., 2012), compares 

favorably with multi-dose 4:1 cardioplegia (O’Brien et al., 2009).  However, this is 

primarily in pediatric patients in which there is some evidence that re-dosing of 

cardioplegia is detrimental (Magovern et al., 1988).  Therefore, the efficacy of single 

dose del Nido cardioplegia in children could in part be related to the patient population 

rather than the cardioplegia solution itself.  While some centers are using del Nido 

cardioplegia in adults with single dosing or long intervals between doses, it remains to be 

determined if multiple dosing with del Nido cardioplegia could provide additional 

benefits in mature or aged hearts.  It should be kept in mind that the administration of 

large volumes of del Nido cardioplegia could result in elevated systemic lidocaine levels 

that may be a safety issue, particularly in patients with impaired renal function 

(Yamaguchi et al., 2007).  

The neonatal rabbit heart has been shown experimentally to prefer single dose 

cardioplegia than multidose cardioplegia (Magovern et al., 1988; Kohman et al., 1994; 

Sawa et al., 1989). One study sought to determine whether multidose St. Thomas’ 

cardioplegia solution would be effective for preservation of the immature myocardium 

during ischemia as it is for mature myocardium. The percent recovery of pre-ischemic 

aortic flow was lower in the immature than the mature hearts after 90 minutes (60.3% ± 

7.4% versus 101.8% ± 4.3%) and after 120 minutes (57.4% ± 10.6% versus 91.1% ± 

13.6%, p<0.05; Magovern et al., 1988). The study concluded that multidose st. Thomas 

cardioplegia did not provide adequate preservation of hemodynamic function in the 

immature rabbit heart.  Another study compared single dose to multidose cardioplegia in 
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neonatal rabbit hearts and found that neonatal rabbits exhibited better recovery with 

single dose. The neonatal rabbit hearts showed increased creatine kinase release with 

multidose cardioplegia versus the adult rabbit hearts (Kohman et al., 1994). A third study 

compared the effects of single dose, multidose with dosage every 40 min (“M-1”) and 

multidose with dosage every 20 min (“M-2”) in neonatal rabbit hearts and found that the 

M-2 group had significantly lower heart rate, increased creatine kinase release, elevated 

percent water content, and intracellular edema versus control (no cardioplegia) and the 

single dose group (Sawa et al., 1989). Intracellular edema was significantly higher in the 

M-1 group than control, indicating that the single dose method of administering 

crystalloid cardioplegia may provide better myocardial protection than the multiple dose 

method in the neonate.  Since immature and aged myocardium both handle ischemia-

induced calcium overload poorly, it would be reasonable to postulate that the multidose 

cardioplegia could likewise impair recovery of ventricular function in aged hearts versus 

the adult heart, although this remains to be tested. 

 

2.8 Impact of Lidocaine on Na+ Influx during Cardioplegic Arrest 

 

The superior functional recovery of aged hearts shown by use of del Nido 

cardioplegia may be attributed to the presence of lidocaine. Lidocaine is classified as a 

Na+ channel blocker and is used frequently as an anti-arrhythmic drug. Sodium channel 

blockade increases the refractory period of the cardiac myocyte (Larach et al., 1995). 

When cardioplegia is given in an ideal environment without washout, this action is 
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prolonged because the lidocaine remains in adequate concentrations to continually affect 

the myocardium. Additionally, Na+ channel blockade helps counteract the negative 

effects of a hyperkalemic depolarized arrest by polarizing the cell membrane to some 

degree and preventing Na+ and Ca2+ accumulation within the cell. Depolarized arrest can 

allow for Na+ and Ca2+ accumulation through exchange mechanisms, discussed earlier 

(Figure 1), and blocking Na+ channels helps prevent this (Dobson et al., 2004). A 2009 

study by Brian et al. showed that del Nido cardioplegia reduced Ca2+ accumulation during 

ischemia in a setting of depolarized arrest. Previous studies have demonstrated that 

hyperpolarizing cardioplegic solutions supplemented with lidocaine provide superior 

protection compared with traditional hyperkalemic depolarizing cardioplegic solutions 

(O’Brien et al., 2009). 

 

Sodium influx is thought to be the main cause of intracellular Ca2+ accumulation 

during ischemia by driving reverse mode Na+/Ca2+ exchange (O’Blenes et al., 2011). 

During hyperkalemic cardioplegic arrest, membrane depolarization opens a proportion of 

the voltage gated Na+ channels spanning the cell membrane.  Most of these channels are 

rapidly inactivated thereby preventing action potential generation and propagation, but a 

small fraction remain tonically available and allow Na+ to flow into the cell via a 

‘window current’ (Attwell et al., 1979). Lidocaine used as an additive in del Nido 

cardioplegia may limit Na+ influx by blocking the window current and may be part of the 

mechanisms of benefit with this solution, however this has not been well described.  The 

fact that the young adult hearts did not show superior functional recovery with use of del 

Nido cardioplegia may be due to the fact that since adult hearts have been shown to be 
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more tolerant to ischemic injury than the aged heart, and that intracellular Ca2+ levels are 

significantly lower in the adult heart vs. the aged heart, the degree of Ca2+ overload in the 

adult heart is lessened such that del Nido cardioplegia may not exert the same benefits in 

the young adult heart as it does in the aged heart, or perhaps that standard cardioplegia is 

adequate enough to provide protection to the young adult heart (Ataka et al., 1992). 

 

An increasing body of evidence over the years suggests that inhibiting the late, 

persistent sodium current (late INa) in the heart is beneficial to reducing electrical and 

mechanical dysfunction during ischemia. Recent literature has shown that an enhanced 

late INa is likely to contribute to the sodium overload observed in ischemia/hypoxia and 

heart failure, and consequently may play a role in the abnormalities of ventricular 

contractility and repolarization. The increased, late INa results in a prolonged action 

potential with the potential for the induction of early after-depolarizations, abnormal 

relaxation including aftercontractions, and contractions with both phasic and tonic 

components (Belardinelli et al., 2004; Belardinelli et al., 2006). Both tissue hypoxia and 

reperfusion of ischemic myocardium are reported to generate metabolites and ROS that 

act to increase late INa in ventricular myocytes (Imahashi et al., 1999). Late INa flows into 

myocytes through Na+ channels that fail to inactivate properly. Transient openings of 

many Na+ channels create the inward current responsible for the upstroke of the cellular 

action potential. When a small fraction (as few as two per cell) of these channels either 

fails to inactivate or reopens during the plateau of the cardiac action potential when Na+ 

channels are normally closed, the resultant late Na+ current slows repolarization of the 

action potential and increases action potential duration, the heterogeneity of 
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repolarization and the formation of early after-depolarizations (EADs), and cellular Na+ 

loading (Kiyosue et al., 1989). The effect of increased late INa to slow repolarization (and 

increase duration) of the action potential is not uniform across the wall of the left 

ventricle. For example, late INa is normally larger in M cells than in endo- or epicardial 

cells of the dog, and enhancement of late INa may increase the transmural heterogeneity of 

ventricular repolarization by preferentially prolonging the duration of the M cell action 

potential. An enhancement of late INa may therefore prolong the QT interval and delay the 

relaxation of LV contraction (Zygmunt et al., 2001). The influx of Na+ contributes at least 

in part to the [Na+]i load in ischemia. This effect is likely to be linked to the fact that the 

late persistent current is enhanced by hypoxia. The increase in persistent current by 

hypoxia is blocked by low concentrations of lidocaine and TTX (Saint, 2006). This is 

consistent with the hypothesis that it is the increase in the persistent current during 

hypoxia or ischemia that leads to the increase in [Na+]i, since lidocaine (and TTX) also 

blocks the increases in [Na+]i during cardiac ischemia. Hence, following this reasoning, 

agents which block late INa should be protective in ischemia, and this has been validated 

with previous studies, including lidocaine (Belardinelli et al., 2006; Haigney et al., 1994). 

 

The use of Na+ channel blockade has had minimal clinical uptake despite the fact 

that lidocaine is used clinically as a local anesthetic and an anti-arrhythmic agent at lower 

doses, and has well identified side-effect and safety profiles. One problem is that 

lidocaine clearance is dependent on hepatic and renal activity (which is reduced for 

varying periods as a result of low perfusion during cardiopulmonary bypass), so doses of 

lidocaine sufficient to induce arrest may lead to accumulation of the drug and its 
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metabolites in the body after reperfusion and cause potential arrhythmic and neurological 

toxicity (Matte et al., 2012). 

 

3. Limitations 

 

The isolated heart model used in this study has several limitations that must be 

considered when interpreting our results.  The isolated working heart preparation is 

viable for only a limited time.  While it is possible to examine cardiac function in the 

short term with this system, it is not feasible to study hearts at more clinically relevant 

time points (12 or 24 hours post reperfusion).  Furthermore, the isolated heart is not 

subject to non-coronary collateral flow during the ischemic period, which might alter the 

efficacy of the myocardial protection strategy by washing out the cardioplegia and/or 

rewarming the myocardium.  The volume of autologous blood that we can collect from 

each rat is limited, and collecting blood from the young adult rat is even more 

challenging than in the aged rat due to the decreased blood volume.  With 4:1 

cardioplegia we are able to prepare the induction dose plus two additional doses, which 

allows a maximum 60-minute ischemic period if re-dosing occurs every 20 minutes.  If 

longer ischemic periods were possible, benefits with del Nido cardioplegia might become 

less apparent if the single dose strategy becomes inadequate with prolonged cross-clamp 

times.  While ischemia-reperfusion injury is primarily initiated by Ca2+ overload, other 

processes affect the development of myocardial injury and evolution of functional 

recovery.  For example, the inflammatory system plays a role in the myocardial damage 

that occurs early after reperfusion. When treating elderly patients in the clinical setting, 
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cardiac surgeons mostly deal with myocardium that is ischemic or perhaps has been 

subjected to long-term pressure volume overload. The myocardium of the aged rats used 

in this study can be considered to be relatively “healthy”, and thus, the clinical relevance 

of studies of this design is questioned. Inclusion of diseased myocardium models 

(example, heart failure models in the rat) would be necessary in the design of future 

studies evaluating the use of cardioplegia solutions.  Most of these limitations will require 

future studies in an intact animal to address. 

 

4. Conclusion 

There have been many undertakings in basic science and in the clinic to develop 

strategies for myocardial protection, such as pharmacological inhibition of NHEs. A 

pediatric cardioplegia strategy to protect myocardium, the use of del Nido cardioplegia, 

may also be tailored toward protecting the myocardium of the elderly. We have 

demonstrated that in aged hearts, a del Nido cardioplegia strategy is associated with less 

spontaneous activity during arrest, reduced myocardial injury, and improved functional 

recovery when compared to a ‘standard’ multi-dose 4:1 blood cardioplegia strategy, 

however, use of del Nido cardioplegia in the young adult heart does not provide superior 

myocardial protection over our standard cardioplegia.  Additional studies in a whole 

animal will help to determine if these results persist in a more clinically relevant model, 

and justify clinical studies in elderly patients undergoing cardiac surgery.  
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