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Abstract 

Normothermic ex-situ heart perfusion (ESHP) is an emergent technique that allows for 

continued perfusion of the beating heart, supplying required oxygen and nutrients. Also, 

this technique offers a venue to assess the metabolic and functional viability of the 

donated heart during the period of preservation. However, myocardial function declines 

gradually during ESHP. In this thesis, we have studied the opportunities, challenges and 

reliability of the assessment methods for the donor heart in ESHP. 

The first chapter is the introduction and provides some background about the preservation 

methods for the donor heart, limitations of the current standard of care for organ 

preservation, technology of ESHP, its potentials and limitations, and the need for 

optimizing devices and protocols. 

In chapter two, we have introduced the ESHP apparatus including the operational 

software both designed in our lab. Using this apparatus, the heart can be perfused with 

minimal supervision in either empty-beating, non-working mode (NWM), or loaded left 

ventricle, working mode (WM). The custom-designed software system calculated and 

records the functional parameters interpreting the data collected from the pressure and 

flow sensors.  

In most, if not all of experimental ESHP studies, and in the clinical setting, the heart has 

been perfused suspended from the aorta (hanging), in a position considerably different 

from the in-vivo position in the mediastinum. In chapter three, we showed that while the 

cardiac function preservation and recovery were both significantly better in the hearts 

perfused in a semi-anatomical supported position compared to the hearts that were 

perfused in a suspended position, the perfusate marker of cardiac damage (cardiac 



iii 
 

troponin-I) was significantly lower in the supported-perfused hearts compared to hanging-

perfused hearts. 

In chapter four, we demonstrated that the percentage of apoptotic cells only increases 

very slightly during ESHP, thus it is not explaining the significant decline of the cardiac 

function occurring during ESHP. However, we showed significant alterations of the 

metabolic metrics in the ex situ-perfused hearts, suggesting that the energy-yielding 

metabolism is impaired during perfusion. The alterations in energy-yielding 

metabolites/metabolism may play a key role in the functional decline of the heart during 

ESHP. 

In chapter five, we demonstrated that the markers of inflammation are considerably 

elevated in the perfusate during ESHP, which occurred regardless of the left ventricular 

workload. Also, in general, the endoplasmic reticulum stress responses (ERS, one of the 

important stress-sensing organelles) were induced during ESHP, however, both ERS and 

inflammation were significantly higher in the left ventricular tissue of the hearts perfused 

in WM compared to NWM. 

In the setting of extracorporeal circulation, oxidative stress may occur in a persistent 

fashion, going beyond the ischemia-reperfusion injury-related oxidative stress, and may 

significantly alter energy metabolism in the cell, especially if the cellular protective 

systems are impaired. In chapter six, we showed that various markers of oxidative stress 

were induced in both perfusate and left ventricular tissue of the perfused hearts, while the 

natural antioxidative defences of the cell decline. The hearts perfused in WM showed 

better functional preservation, and similar values of some of the enzymes that play 

important roles in maintaining the metabolic reserve and/or exert protective effects 
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against oxidative stress when compared to in vivo. However, the NWM hearts showed 

significantly lower activity of those enzymes and poor functional preservation. On the 

other hand, leukocyte depletion of the perfusate did not attenuate inflammation, oxidative 

stress, or functional decline of the heart during ESHP. 

While the ESHP technique and the related protocols for the protection of the donor heart 

in this setting has significantly improved during the last decade or so, there are still 

limitations for this method. This work introduces some areas that can be targeted for 

improving preservation of myocardial viability during ESHP. 
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Chapter 1: Introduction 

1.1 Heart Failure: Burden and epidemiology 

After being introduced as an emerging epidemic in the late 1990s [1], heart failure (HF) 

remains  a growing, costly and disabling health problems worldwide [2-4] and affects more 

than 6 million patients in the United States (USA), more than 0.6 million in Canada, and 

approximately 15 million patients in European countries, predominantly elderly population 

with age > 65 years [5-9]. Considering the recent advances in the diagnosis and treatment  

of patients with coronary disease as well as an increase in the incidence of HF in the 

elderly population, it is the only cardiac illness with an increase in prevalence [2, 10, 11]. 

The lifetime risk of developing HF is 20% [12] and its prevalence is estimated to be 1-2% 

in the USA and 2-3% of the general population worldwide, with 5-10% of HF patients 

having advanced stage of disease [3, 8, 13]. Advanced HF is associated with increased 

morbidity and mortality, recurrent hospitalization, and poorer quality of life [13, 14]. Almost 

half of the patients with HF die within 5 years after diagnosis. 

Despite novel treatments, HF-related hospitalization has been increased 155% over the 

past two decades and HF has become the most common cause for hospital admission 

and re-hospitalization [4, 15-17]. More than 1 million hospitalizations occur annually 

because of heart failure [2, 18, 19], so an important economic burden was incurred by 

this disease on our limited healthcare resources [8, 20] with a total annual cost (direct 

and indirect) of over $33 billion in USA [21], which means more than $8,000 per person 

per year. In most westernized economies, HF is responsible for 1-2% of total healthcare 

expenditure. The bulk of these costs are driven by frequent, prolonged and repeated HF-

related hospitalizations [21, 22]. 
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1.2 Heart failure: definition, aetiology, and classification 

About three decades ago, HF used to be defined as a clinical syndrome associated with 

reduction in left ventricular ejection fraction (LVEF) due to left ventricular systolic 

dysfunction [23]. It is a complex syndrome and can be the result of any cardiac disorder 

(structural or functional) that impairs the ability of the ventricle to be effectively filled and/or 

eject the blood [19]. Regarding patient characteristics, etiology, and associated co-

morbidities, the clinical presentation of HF can be highly variable [8]. 

Patients with left ventricular (LV) dysfunction generally present with a syndrome of 

decreased tolerance to exercise and fluid retention; or patients with no symptoms but an 

incidentally discovered left ventricular dysfunction [19].  

left ventricular systolic dysfunction (LVSD) is the most common cause of heart failure 

(60%) and in most cases, is a consequence of end-stage coronary artery disease (either 

with a history of myocardial infarction or with a chronically under-perfused but viable 

myocardium). Other common causes of LV dysfunction include idiopathic dilated 

cardiomyopathy, valvular heart disease, hypertensive heart disease, toxin-induced 

cardiomyopathies (e.g. doxorubicin, herceptin, alcohol), and congenital heart diseases 

[24]. Since some causes of left ventricular dysfunction are reversible or treatable, 

identifying the underlying etiology of HF is very important. Although it may not be always 

possible to discern the cause of HF, or the underlying condition may not be always 

treatable, it would be more beneficial to focus on diagnosing cases who have some 

potential for improvement after diagnosis/treatment of underlying disease [19]. Some 

initial epidemiological studies suggested hypertension as the leading cause of HF but this 

pattern changed significantly over the past four decades and now ischemic heart disease 
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(IHD) is considered as the leading cause [25-27]. The results of epidemiologic studies 

vary among different regions that may reflect the different susceptibility of these 

populations to IHD [25, 28, 29]. 

Heart failure is characterized by shortness of breath (dyspnea), fatigue, exercise 

intolerance, fluid retention [30] and sometimes pain [2]. The classification system has 

been most commonly used to quantify the degree of functional limitation in heart failure 

is the one first developed by the New York Heart Association (NYHA) [19]. The NYHA 

classification system reflects a subjective assessment, applicable by both the care 

provider and patient. Individuals in class I have no functional limitation and no symptoms 

of HF with ordinary physical activity. Patients in class II experience some functional 

limitation with HF symptoms with ordinary physical activity. These patients have no 

symptoms at rest. Patients in class III have significant functional limitations with HF 

symptoms with less than ordinary activity. They also have no symptoms at rest. Patients 

in class IV experience severe functional limitation with symptoms at any level of physical 

activity (Table 1.1) [2]. The American Heart Association (AHA) and American College of 

Cardiology (ACC) update of HF clinical practice guidelines in 2005, moved beyond the 

NYHA classification system and included four new stages of heart failure A-D (Table 1.2) 

[24]. 

1.3. Heart Failure: Diagnosis 

1.3.1. Symptoms and signs 

The diagnosis of heart failure is mostly based on symptoms and signs but in early stages, 

symptoms may be neglected or missed. Furthermore, most of the symptoms in HF are 

non-specific and this makes it more difficult to differentiate between HF and other possible 
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underlying problems. More specific symptoms such as orthopnea, or paroxysmal 

nocturnal dyspnea and signs such as elevated jugular venous pressure (JVP) and 

displacement of the apical impulse are less common or harder to detect [31-33]. Some 

patients are asymptomatic but still at high risk of developing heart failure. This includes 

patients with hypertension, valvular heart disease, diabetes mellitus, sleep disorders and 

history of chemotherapy, alcohol and familial history. These patients should be 

aggressively treated to prevent or defer the incidence of HF [34]. 

1.3.2. Laboratory tests, biomarkers: 

1.3.2.1. Natriuretic Peptides 

AHA/ACC heart failure guidelines and the Heart Failure Society of America guidelines 

recommend evaluation of B-type natriuretic peptide (BNP) or amino-terminal pro-B-type 

natriuretic peptide (NT-proBNP) in patients presenting with symptoms of HF [35]. BNP is 

especially helpful in excluding HF in the presence of low clinical suspicion [36]. Both BNP 

and NT-proBNP are driven from the same precursor molecule (pro-BNP). The BNP gene 

natriuretic peptide B is upregulated in hemodynamic changes such as cardiomyocyte 

stretch, injury, and hypoxia [36, 37]. These biomarkers are useful to support the clinical 

judgment in diagnosing and identifying prognosis in acutely decompensated heart failure 

[35]. Several new biomarkers have been suggested to be useful in the diagnostic 

evaluation of HF but yet needed to be further studied [37]. 

1.3.2.2. Cardiac Troponins 

Sensitive cardiac troponin tests, including cardiac troponin-I (cTn-I) can be useful in 

establishing prognosis or disease severity in acute heart failure [36, 38, 39].   
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1.3.3. Non-invasive Imaging 

Electrocardiogram and Echocardiography 

A 12-lead electrocardiogram (ECG) is useful to determine any abnormality in heart 

rhythm, heart rate, QRS morphology, QRS duration, etc. ECG is also important in 

prognostication and treatment planning. A completely normal ECG is rare in presence of 

HF [40-42]. 

Echocardiogram is widely considered as the most useful diagnostic modality in patients 

with suspected heart failure [41]. It provides immediate information on ejection fraction, 

chamber size and valve function. Left atrial and left ventricular filling pressures, 

pulmonary pressures, central venous pressure, and stroke volume can also be estimated 

[35, 36, 41, 43]. Serial echocardiographic evaluation is recommended in the case of 

notable change in clinical status, experiencing a clinical event, receiving treatments that 

may affect ventricular function, and in patients who may be a candidate for device therapy 

[36], but routine repeated assessment of ventricular function is not indicated otherwise 

[44-46]. 

Chest radiograph 

Cardiomegaly and pulmonary congestion can be assessed by chest X-ray in patients 

suspected of HF. Of note that even in the presence of LVSD, cardiomegaly may be absent 

[35, 36, 41]. 
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Cardiac magnetic resonance imaging 

Cardiac magnetic resonance imaging (CMRI) can provide high anatomical resolution and 

valuable information on the function of the heart including ischemia, viability and fibrosis. 

Taking into account its accuracy and ability to reproduce right and left ventricular volume, 

ejection fraction and wall motion, it is regarded as the gold standard in diagnosing heart 

failure by European guidelines for heart failure especially in patients with non-diagnostic 

echocardiography findings and it is useful for differentiation of particular causes of heart 

failure including myocarditis, infiltrative diseases (e.g. amyloidosis or hemochromatosis), 

and cardiomyopathies [35, 36, 41]. 

Computed tomography 

Computer tomography is a non-invasive method to visualize coronary anatomy but like 

CMRI, its accuracy is reduced in high heart rates. The only advantage of computed 

tomography over echocardiography is its ability to characterize the myocardium [35]. 

1.3.4. Invasive studies 

Complete right heart catheterization (assessment of pulmonary vascular resistance) [35], 

Coronary angiography (left heart catheterization) [35, 47, 48], endomyocardial biopsies 

[36, 41] are some invasive methods of assessment in HF. 

1.4. Heart Failure: Management  

Although medications such as angiotensin-converting-enzyme inhibitors, β-blockers, 

aldosterone antagonists, and angiotensin-receptor  has significantly improved outcomes 

in heart failure but in many cases, treatments fail to control the disease progression [12, 

49]. In treating acute heart failure (AHF), the goal is to relieve symptoms and reverse the 
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ventricular dysfunction, if possible. When it is not possible to resolve underlying 

ventricular dysfunction that has lead to AHF, targeting ventricular preload and afterload, 

and the neurohormonal response to cardiac dysfunction, may be helpful in the resolution 

of morbid conditions such as pulmonary edema and/or improvement in vital organ 

perfusion [50]. 

Control of systolic and diastolic hypertension, treatment of lipid disorders, angiotensin-

converting enzyme (ACE) inhibition in patients with a history of atherosclerotic vascular 

disease, diabetes mellitus, or hypertension and associated cardiovascular risk factors, 

control of ventricular rate in patients with supraventricular tachyarrhythmia, treatment of 

thyroid disorders, changing lifestyle such as avoiding smoking, alcohol consumption, illicit 

drug use, reduction of dietary salt, having exercise, and periodic evaluation for signs and 

symptoms of HF are some examples of effective measure could be taken to mitigate the 

risk of underlying conditions in HF [19, 51]. 

1.4.1. Management of acute heart failure 

Development of AHF leads to a significant increase in hospital mortality and is associated 

with recurrent hospitalization [49]. Improving myocardial contractility, along with 

maintaining adequate peripheral perfusion and reducing fluid overload are the main goals 

in the management of AHF [52]. Supplemental oxygen, diuretics in cases with fluid 

overload, and vasodilators should be considered in the treatment of acute heart 

decompensation.  

1.4.2. Management of chronic heart failure 

The management of chronic heart failure (stage A-D) according to the 2013 ACC/AHA 

Guideline [35] is summarized in Figure 1.1 
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1.5. Heart Transplantation 

During the decades after the first clinical heart transplantation by Christian Barnard in 

1967, clinical heart transplantation has transformed into a highly integrated and efficient 

intervention considered as the “gold standard” treatment for end-stage heart failure [53]. 

However, despite numerous policies that have been taken to increase the number of 

available organs for transplantation, according to the report of the International Society 

for Heart and Lung Transplantation (ISHLT) registry, the number of heart transplantations 

has not increased during the past two decades and has reached a plateau state [14, 54]. 

Moreover, only 36%-39% of the available donor hearts are transplanted and the majority 

are discarded [55, 56]. Thus, there is a significant gap between organ supply and demand 

for the donor heart [57, 58]. Development of new strategies to extend the donor pool 

seems to be necessary in both adult and pediatric patients in need of a heart 

transplantation [59]. Accepting the extended-criteria donor hearts, including the hearts 

donated after circulatory determination of death (DCD) can potentially help to expand the 

donor pool [60]. Among the most important detriments of success in heart transplantation 

is the original quality of the graft. Not only different donation methods directly affect the 

quality of the donated heart, efficiency of the organ preservation method also plays a 

pivotal role in this matter [61]. 

1.5.1. Donation after Neurologic Determination of Death (NDD, DBD) 

The term “Neurologic Determination of Death” or “Brain Death” refers to irreversible loss 

of all functions of the brain, including the brainstem. Coma, apnea, and complete loss of 

brainstem reflexes are known to be the three findings that should be present for the 

neurologic determination of death [62]. Traumatic head injury, stroke, subarachnoid and 
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intracerebral hemorrhage, and encephalopathy are among the causes of brain death 

occurrence. Brain injury leads to edema and increased intracranial pressure (ICP) which 

in turn, will cause a reduction in cerebral blood flow through decreasing cerebral perfusion 

pressure and these events together make a vicious cycle that eventually stops cerebral 

blood flow and culminates in transtentorial herniation through the foramen magnum with 

resultant brainstem compression and brain death [63]. A patient who is clinically 

diagnosed as brain dead, may be considered as a potential donor since he is clinically 

and legally dead [62]. 

The majority of organs used for transplantation are obtained from the heart-beating 

donors after neurologic determination of death (NDD) and these donors are currently the 

main, if not the only accepted source for cardiac transplant in most of the world. 

Maintaining the condition of the organ is considered to be possible in brain death donors 

by proper management and minimizing retrieval-related warm ischemia [64]. 

Nevertheless, it is well known that the process of brain death can negatively influence 

donor heart function [65, 66].  Cardiac hemodynamic perturbations occur more in cases 

of a rapid increase in ICP. Abrupt brainstem compression will also cause a catecholamine 

surge, characterized by hypertension and tachycardia (Cushing response). These events 

together with the inflammatory response due to the up-regulation of pro-inflammatory 

cytokines, adhesion molecules, and rapid leukocyte infiltration related to brain death, 

have been suggested to worsen myocardial injury and accelerate acute rejection of the 

heart graft post-transplant [67]. Increasing demand for transplantation concurrently with 

progress in the management of conditions that can lead to brain death made the gap 

between supply and demand wider and has raised the interest toward expansion of the 
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heart beating donor pool by “marginal” or “extended criteria” organs and organs “Donated 

after Circulatory Determination of Death (DCD) [64, 66].  

1.5.2. Marginal donor grafts in heart transplantation 

Since cardiac transplantation was accepted as a promising treatment in end-stage heart 

failure, suitability criteria were established and have been used for the evaluation of 

potential donor hearts. Standard criteria for heart donation include age< 65 years, no 

known heart disease (including angina pectoralis, myocardial infarction, prior coronary 

bypass surgery, moderate to severe valvular disease, cardiomyopathy and important 

arrhythmias), cold ischemia time less than 2 hours, being non-dependent upon highdose 

inotropes, and absence of chest trauma. Also untreated sepsis, malignancies and active 

infections are general contraindications for all organ donations [14, 68, 69]. The growing 

demand of heart transplantation and lengthening of the time spent on the waiting lists has 

raised the attempts to modify the donor criteria for the heart. Recent studies have 

suggested that such eligibility criteria modifications can increase the donor pool by 

including some of the donated hearts that have been identified before as "not suitable for 

transplantation", or so-called “Marginal donors” [70]. Factors that determine the usability 

of “Marginal Donors” in adults are summarized in Table 1.3. 

1.5.3. Donation after circulatory determination of death 

The phrase “Donation after Circulatory Determination of Death” (DCD) refers to organ 

donation from patients with permanent circulatory arrest [71]. “Donation after cardiac 

death” and “non-heart-beating donor” are deprecated terms for multi-organ donors who 

donate after the permanent cessation of circulation.  Unlike brain death, circulatory death 

is defined on the basis of cardiopulmonary criteria rather than neurologic criteria [72]. 
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Acceptance of NDD in western countries as the method of choice for organ donation (due 

to the absence of warm ischemia) led to complete negligence to the possibility of donation 

after circulatory death. During the early 1990s, the interest in DCD was renewed as a 

potential avenue to overcome organ shortage [73].   

While a “no-touch” period is legally necessary between the onset of circulatory arrest and 

declaration of death, the duration of the “no-touch” period is variable between 

jurisdictions.  Although a sufficient time period is required to ensure the permanency of 

circulatory cessation, this time period must be limited to minimize the insult to the 

ischaemic organs [71]. The modified Maastricht DCD categories are summarized in Table 

1.4, in which controlled DCD is referred to patients with brain damages that not meet the 

neurologic criteria of death, but with such severe injuries that withdrawal from life-

supporting treatments is pursued after careful consultation between the “Intensive Care 

Unit” (ICU) team and the patient’s family.  An uncontrolled DCD refers to a patient, already 

bearing warm ischemia as a consequence of the cessation of circulation outside a 

suitable context for proceeding with organ procurement [74]. 

Despite all the potential benefits of DCD in expanding the donor pool, several limitations 

must be overcome for these donors to be considered acceptable for heart donation. 

Duration of warm ischemia and its adverse effects on the heart function, on-site access 

to efficient cardioprotective modalities, possibility of rapid procurement, proper organ 

resuscitation, storage and transport are some of the most important limiting factors for 

using the heart after DCD [71]. 
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1.6. Organ preservation methods, potentials, and limitations 

Many aspects of heart transplantations have significantly evolved over time, leading to a 

considerable improvement of the outcomes, yet the current standard of graft preservation 

is still cold static storage (CSS), the same as the early eras of transplantation. Cold 

storage although simple and inexpensive, exposes the donated heart to an episode of 

cold ischemia which is associated with a time-related graft injury and primary graft 

dysfunction that limits the safe preservation time to a maximum of 4-6 hours in ideal 

donor/donation conditions, and renders CSS unsuitable for preservation of sub-optimal, 

extended criteria donor hearts [54, 76]. Moreover, due to the static nature cold storage 

assessment of cardiac viability and function during preservation time is not possible with 

this method [60].  

1.6.1. Cold Storage  

Cold static storage (CSS) has been accepted as a simple, inexpensive and reliable 

method for preserving organ, thus it is the current standard of care for preserving donor 

hearts [77, 78]. This method is associated with low-level but persistent anaerobic 

metabolism (cold ischemia) [79, 80]. Cold ischemia is associated with a exposure time-

dependent increased risk of post-transplantation primary graft dysfunction and failure 

[78]. Although preservation times under 4-6 hours restricts these consequences 

particularly in hearts from young donors [80-82], it will limit the opportunity of transporting 

a heart to a geographically remote but otherwise well-matched recipient [60]. Also, there 

have been concerns about the detrimental effects of exposing the organs from non-cold 

tolerant, non-hibernator mammals (including humans) to long episodes of cold as they 

lack the adaptive systems to sustain and redirect minimal essential energy supplies, and 
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to return to the normothermic condition (arousal) in a safe, cohesive way [53]. Moreover, 

due to the static nature of cold storage assessment of cardiac viability and function during 

preservation time is not possible with this method, which is believed to be a necessity for 

DCD hearts [60]. These limitations, render CSS unsuitable for preservation of sub-

optimal, extended criteria donor hearts [54, 76] and a less than ideal cardiac preservation 

method even in ideal donor/donation conditions and suggests the need for improvement 

in preservation techniques [77, 82]. 

1.6.2. Cold ischemia 

Cold ischemia is an inevitable part of the current standard organ preservation process 

[83]. It has been suggested that cold ischemia may have a relationship with chronic 

rejection of transplanted heart through stimulating an inflammatory response leading to 

pathological remodelling of graft vessels. Cold ischemia can also cause rupture of the 

outer mitochondrial membrane and may impair respiratory function that may eventually 

cause loss of cardiac contractile function [84]. It is generally thought that cold ischemia 

time (CIT) is well tolerated especially in young donors [80-82]. Yet, based on 

ISHLT/United Network For Organ Sharing (UNOS) database, CIT > 6 hours is a risk factor 

for mortality [83]. It is associated with a reduction in post-transplantation organ flow after 

only 4 hours, and reduction in both function and flow of the heart after 8 hours, suggesting 

the vasculature and parenchymal cells to be the first and second sites of cardiac injury 

during cold storage [85]. The acceptable period for cold storage of the heart is much 

shorter than other organs. Hypothermia suppresses basal metabolic rate and modifies 

signalling pathways towards the expression of protective genes, however, the 

consequences of ischemia will still be present [84]. Several studies suggest that the 
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mechanisms of cardiac injury in cold ischemia is different from warm ischemia and should 

be treated differently [85]. 

1.6.3. Warm ischemia 

Episodes of warm ischemia in DCD donors can be categorized into two phases, 1) A 

variable period of warm ischemia before organ procurement and storage (pure warm 

ischemia), and 2) A shorter period of warm ischemia from the moment that the heart is 

removed from ice until transplantation (anastomosis time), during which the organ slowly 

warms up through body temperature [86]. These two periods of warm ischemia vary 

indeed in their pathophysiologic effects. During pure warm ischemia, the heart bears the 

ischemia at body temperature and without the protective benefits of a preservation 

solution. But, in warm ischemia of anastomosis time, the organ temperature is passively 

gradually raised from 4°C toward the recipient’s body temperature at a rate of 0.5°C per 

minute and it rarely reaches the normal body temperature until reperfusion in the 

recipient. DCD organs, based on the nature of this kind of donation, may suffer from 

variable, unprotected periods of warm ischemia. The ischemic tolerance varies between 

different organs but the heart may be the most sensitive solid organ to warm ischemia 

because of its extremely high energy demands. Thus, long periods of warm ischemia can 

irreversibly damage the heart [71]. Studies on large animal models have suggested that 

to recover at least 60% of cardiac function, the warm ischemia duration should be no 

longer than 30 minutes (the function decreased to less than 10% after 30 minutes of warm 

ischemia) [87]. Taking into account the obligatory “no touch (stand-off)” period after 

declaration of death, and the time required to reperfuse the organ, achieving such timing 
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goals may not be easy, therefore limiting DCD heart donation to controlled Maastricht 

groups.  

1.6.4. Ex-situ heart perfusion 

Ex-situ heart perfusion (ESHP), also known as continuous machine perfusion of the heart, 

is a method in which the donated heart is perfused with oxygenated, energy substrate-

containing solutions during preservation time. ESHP offers preservation of the heart in a 

beating, semi-physiologic status avoiding cold ischemia. As a dynamic method of 

preservation, ESHP provides the opportunity for evaluation of the myocardial viability and 

function during preservation time. It also has the potential to improve the reparative 

process in ischemic myocardium and provides the opportunity for assessment of organ 

function before transplantation. These beneficial attributes can also be extended to 

dysfunctional hearts from NDD donors [58, 60].  

1.6.4.1. History of ex-situ, machine perfusion of donor heart and regaining 

interest in the new era 

With the pioneering work of isolated perfused heart method by Cyon in 1866, and its 

further adaptation for perfusion of mammal heart a few decades later in 1895 by 

Langendorff, and finally by the introduction of isolated working heart preparation later in 

the mid 20th century by Neely and Morgan, isolated ESHP heart has been widely utilized 

for studying the heart [61, 88]. Interestingly in the first era of the human heart 

transplantation, the donated hearts preservation was achieved with hypothermic ESHP 

with either blood or crystalloid-based perfusate. Later on in 1984 Wicomb et al published 

a case series of donated hearts preserved with a portable hypothermic perfusion system 

[61, 89-91]. However, due to technical complexity and high costs of commercial 
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equipment for hypothermic ESHP, and the introduction of the CSS method in combination 

with cardioplegic arrest, which was considered efficient for the preservation of the heart 

for 4-6 hours, ESHP of donated heart was overlooked for a few decades [92]. 

One of the most important detriments of success in heart transplantation is the quality of 

the graft. The current most frequent cause of death in potential donors has changed from 

head trauma to hypoxic brain injury. The median age of donors has also increased leading 

to older, heavier donors with more comorbidities [61, 93]. Moreover, the success of heart 

transplantation, as a reliable treatment modality for patients with end-stage refractory 

heart failure is limited by the considerable shortage of eligible hearts from donors with 

brain death (DBD). Due to the existing supply-demand mismatch, a considerable 

percentage of potential recipients die while on the waiting list [75, 94]. Thus, during the 

recent few decades the field has been pushed to extend the donor acceptance criteria to 

include marginal, sub-optimal hearts/donors such as DBD hearts from older donors, or 

with some degree of malfunction, and hearts donated after circulatory determination of 

death (DCD) [95]. The inclusion of the extended criteria donated hearts, although 

considered to be able to expand the heart donor pool, raised concerns about the viability 

of such transplants. On the other hand, in only bout 10 years after the first human heart 

transplantation,  CSS was already deemed as a less than perfect method for preservation 

of donated hearts, even under ideal donor/transplantation conditions. Hypothermia, slows 

the process of ischemia-related tissue damage, however, 5-10% of the metabolism and 

tissue damage will still occur during CSS, leading to time-related damage of the donated 

heart. CSS is associated with primary graft dysfunction and failure and limits safe 

preservation times [53, 54, 96].  
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The deleterious effects of the cold ischemia in CSS make it a non-suitable method for 

preservation of either suboptimal DBD, or DCD hearts, which are already damaged and 

may not be able to tolerate an extra episode of cold ischemia [54, 76]. On the other hand, 

the static, non-physiologic status of the heart during cold storage precludes the possibility 

of function and viability assessment during the preservation time. This is an important 

limitation of CSS particularly in DCD hearts as they need to be evaluated after undergoing 

a severe ischemic insult during the hypoxic circulatory arrest and  ”hands-off” period 

before organ procurement. Thus the need for expanding the donor pool, led to a rising 

interest in ESHP as a dynamic method of preservation, which prevents extra ischemia 

and potentially protects the donated heart better during preservation, and provides an 

opportunity to assess metabolic and/or functional viability of donated heart [94, 97, 98]. 

1.6.4.2. Hypothermic versus normothermic ex-situ perfusion of donor heart 

The setting of hypothermic ESHP was launched based on the idea of using the benefit of 

hypothermia to 1) reduce the metabolic requirements of procured heart, with an optimal, 

homogenous cooling of the heart, and 2) providing metabolic support by continuous 

perfusion of coronary vasculature with perfusates containing nutrients and low demand 

oxygen [99]. The early experimental studies of hypothermic ESHP performed more than 

three decades ago provided robust evidence for the feasibility of longer safe preservation 

times with ESHP compared to conventional CSS. The more recent experimental studies 

performed in the 21st century by Steen, Rosenbaum, Michel, and others on large animal 

model (mainly porcine and canine) of hypothermic ESHP at 0-8° C have suggested that 

in comparison to CSS, hypothermic ESHP provides superior myocardial function and 

attenuates tissue injury in minimally damaged, or DBD model [78, 100-103]. Similarly, 
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hypothermic ESHP studies in large mammal and human DCD heart by Van Caenegem, 

Rosenfeldt, and others suggest that functional and metabolic recovery of DCD heart is 

achievable with hypothermic ESHP, and the recovery is superior with hypothermic ESHP 

compared to CSS [104-106]. Additionally, the technical device required for the 

hypothermic perfusion with an oxygenated crystalloid solution is considered less 

complicated and expensive in comparison to a device to carry continuous warm perfusion 

[76]. The technology of hypothermic ESHP, has shown promising results and abilities 

including the successful first human heart transplant using Steen’s perfusion system in 

Sweden [106], and the possibility of some viability and functional assessment during 

preservation time using methods such as diffusion tensor magnetic resonance imaging, 

myocardial pH tracing, or by placing an inflatable flexible balloon inside LV to measure its 

contractility [54, 105]. However, adoption of this technology has been minimal, possibly 

due to the growing concerns about diastolic dysfunction that may occur as a result of 

significant myocardial edema formation during hypothermic ESHP, and the infeasibility of 

a less invasive, reliable functional assessment with the  more widely and universally used 

myocardial function parameters under hypothermic conditions [75, 95, 106]. Also, there 

have been concerns about the detrimental effects of exposing the organs from non-cold 

tolerant, non-hibernator mammals (including humans) to long episodes of cold as they 

lack the adaptive systems to sustain and redirect minimal essential energy supplies, and 

to return to the normothermic condition (arousal) in a safe, cohesive way [53].  

Normothermic ESHP on the other hand, allows for metabolic and functional assessment 

of the heart in a semi-physiologic status during preservation time, while it is perfused with 

nutrient-rich, oxygenated, solutions [97, 107]. Our group alongside others have published 
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several reports on experimental normothermic ESHP in large mammals, in either a 

minimally damaged heart, or a DCD model. These studies, regardless of the different 

devices and different settings applied (including Langendorff perfusion versus perfusion 

in working mode, and various compositions of blood-based perfusates) generally suggest 

that normothermic ESHP provides a dynamic platform for an accurate metabolic and/or 

functional assessment of donated hearts, and potentially reconditioning of damaged, 

dysfunctional hearts through pharmacological interventions. Normothermic ESHP may be 

able to offer a superior myocardial preservation, resuscitation of dysfunctional, and DCD 

hearts, and extension of the safe preservation time for the donated heart by maintaining 

efficient aerobic metabolism and avoiding cold ischemia [94, 98, 108-111]. Thus, in this 

review although hypothermic machine perfusion has also been discussed in regard to 

different aspects of machine perfusion of donor heart preservation, we have focused 

mainly on normothermic machine perfusion of the donor hearts.  

1.6.4.3. Reconditioning of sub-optimal hearts with ex-situ heart perfusion 

During the last two decades, the possibility of expanding the donor pool by reconditioning 

of the sub-optimal, extended criteria donor hearts, and DCD hearts in particular has been 

a topic of debate and widely studied in both hypothermic and normothermic ESHP. 

In a pig model of DCD heart, Van Caenegem et al. showed that four-hour preservation of 

DCD hearts with hypothermic ESHP led to lower lactate levels, together with better 

preservation of high energy phosphate levels and contractility compared to four-hour cold-

stored DCD pig hearts [105].  In a canine model of DCD orthotopic heart transplantation, 

Brant et al. observed a significantly better post-transplantation systolic function and lower 

cardiac enzyme leak and rate of cell death occurring in the hypothermic ESHP in 
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comparison with cold-stored DCD hearts [112]. Similarly, Rosenfeldt et al. showed that 

hypothermic ESHP (8-12° C) led to the reestablishment of oxidative metabolism during 

perfusion, and significant post-transplantation recovery of myocardial function in DCD 

canine hearts witch had tolerated 30 minutes of warm ischemia [113]. Choong et al. 

reported that following a 30-minute period of warm ischemia, the canine hearts preserved 

with hypothermic ESHP, not only showed lower levels of lactate in the perfusate during 

preservation time, but compared to cold storage, hypothermic ESHP of DCD hearts was 

associated with a superior post-preservation cardiac functional state (assessed in a 

working heart rig) [76]. Although these studies provide robust evidence for the possibility 

of resuscitating sub-optimal, routinely discarded extended criteria donor hearts, they all 

meet at the same limitation, which is the lack of opportunity to assess metabolism and 

functional state of the heart in a semi-physiologic condition. In these studies in general, 

the function and viability of the heart has been assessed mainly after completion of 

hypothermic ESHP either by performing an experimental orthotopic transplantation, on a 

working mode perfusion system, or with other non-routine methods [54, 76, 112]. Such 

assessments may not be adaptable to individual hearts in the clinic, cost much more and 

expose the heart to frequent episodes of ischemia and manipulation. Moreover, it may 

not be possible to assess the function of the machine-perfused donor heart using 

universally applied assessment approaches.  

Normothermic ESHP provides a dynamic bridging period between the organ procurement 

and transplantation which offers the opportunity to deliver cardiac-reconditioning 

agents/therapies, and also to evaluate the effects of therapeutic interventions delivered 

through the initial reperfusion/cardioplegic solution. Several studies have been utilizing 
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normothermic ESHP as a platform for experimental reconditioning of sub-optimal hearts. 

The main focus of these studies has been rehabilitating those hearts with extended 

ischemic time, including DCD hearts. Considering the time the heart spends on the 

normothermic ESHP apparatus in a metabolically dynamic condition, by using controlled 

perfusion modalities (including flow and pressure), perfusate composition and/or 

pharmaceutical interventions, the IRI that traditionally would manifest after transplantation 

may potentially be attenuated [75, 114]. Lucchinetti et al. reported that post-conditioning 

of porcine DCD hearts with intralipid during initial normothermic ESHP, may reduce cell 

membrane damage, and induce cardioprotective pathways, and may improve contractile 

function [115]. We have also demonstrated that a moderately acidic, hypocalcemic initial 

reperfusion leads to less edema formation and improved recovery of cardiac function 

during normothermic ESHP in a porcine DCD heart model [116]. Iyer et al. reported that 

the ischemic tolerance of porcine DCD hearts could be enhanced with the addition of 

erythropoietin, glyceryl trinitrate, and Na+/H+ exchanger inhibitor (Zoniporide) to the 

cardioplegic solution, leading to a better functional recovery observed during 

normothermic ESHP [87]. Our group has also reported that the addition of pyruvate to the 

normothermic ESHP perfusate leads to rapid recovery of function in a porcine model of 

minimally damaged donor heart [107]. The antemortem cardioprotective interventions 

that would not directly benefit the donor are either discouraged, or admitted in a very 

limited range by the ethic boards [117] , thus the dynamic platform of normothermic ESHP 

may provide the opportunity for post-conditioning of sub-optimal and/or damaged hearts 

and to evaluate the efficacy of such interventions before transplantation. Due to the near 

physiologic conditions that can be achieved in normothermic ESHP, functional and 
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metabolic viability of the heart can be assessed elaborately with minimally invasive 

methods and widely used parameters [94].  

1.6.4.4. Ex-situ perfusion of donor heart, setting and perfusion parameters 

The setting for hypothermic ESHP of the heart is generally considered to be of low 

complexity due to low metabolic and coronary perfusion pressure requirements in a 

hypothermic condition [76]. While hypothermic perfusion must take place in non-working 

mode, there have been different methods described in literature for hypothermic ESHP 

of heart including applying different devices (e.g. pump-perfused or gravity-feed), 

coronary perfusion with or without submerging the heart in perfusate, and varying 

temperatures (4-33°C), perfusion pressures (3-15 mmHg), flow rates (4- 250 

mL/100g/min), and partial oxygen pressures (150-600 mmHg) [76, 105, 113, 118, 119]. 

Normothermic ESHP systems on the other side, needs a more sophisticated setting to be 

able to provide the semi-physiologic conditions for the beating heart. Experimentally, 

normothermic ESHP of heart may take place in non-working mode and/or working mode 

in a single-mode or multi-mode operating apparatus. These devices may be consisted of 

either one pump, or two pumps (for the active, controlled perfusion of the aorta and left 

heart). Similar to experimental hypothermic ESHP, different perfusion parameters have 

been applied during experimental normothermic ESHP, with the target normothermic 

aortic perfusion pressure being mainly 40-80 mmHg [87, 94, 107, 120-122]. In clinical 

normothermic ESHP of heart with Organ Care System device (OCS, the only 

commercially available device for clinical normothermic ESHP) coronary flow is adjusted 

to 650-850 mL/min, and aortic perfusion pressure of 65-90 mmHg. Currently, OCS can 

only support non-working (Langendorff) perfusion [97, 123].  
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1.6.4.5. Perfusate composition in ex-situ perfusion of donor heart 

The perfusate is an important element in ESHP and has a direct effect on the myocardial 

function. Whole blood from the donor is originally believed to be the optimal perfusate. In 

the setting of hypothermic ESHP, early attempts to apply whole blood were unsuccessful 

because of 1) increased viscosity even after hemodilution; 2) deep hypothermia-induced 

damage and deformity of red blood cells’ (RBCs); 3) ceased dissociation of oxygen from 

oxyhemoglobin in temperatures below 12° C [124]. Replacing blood-based perfusates 

with synthetic crystalloid/colloid solutions lead to better results [101, 124].   

In a setting of normothermic ESHP of pig hearts, White et al. reported that a whole blood-

based perfusate leads to better preservation of myocardial function and less tissue 

damage when compared with either packed RBC–based perfusate, or a perfusate 

containing hemoglobin-based oxygen carrier. They concluded that plasma may carry 

nutritional substrates (such as free fatty acids, FFAs, and amino acids) and 

cardioprotective properties (such as vitamins and antioxidants) which alongside RBC may 

improve myocardial preservation in normothermic ESHP [111]. Church et al. in an 

experimental study in a porcine model, compared the effects of cross-circulated 

leukocyte-free blood, with cross-circulated plasma from another live pig on machine-

perfused hearts. They reported no significant difference in myocardial function, lactate 

profile, and tissue injury between the two groups. They concluded that an efficient 

normothermic ESHP may be possible with a plasma-based perfusate [121].  

Although the clinical normothermic ESHP with the TransMedics Organ Care System 

device (OCS) is based on perfusion of the heart with leukocyte-free blood of the donor, 

according to the findings of experimental studies on normothermic ESHP, and clinical 
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studies on other extracorporeal circulation systems the optimal perfusate is still a matter 

of debate. Clinical extracorporeal circulation systems (such as cardiopulmonary bypass) 

that are common in many artificial parts with ESHP devices (including oxygenator, filters, 

and tubes), cause hemolysis, and induce significant changes in the mechanical properties 

of RBCs such as decreasing their elasticity and surface charge, decreasing 2, 3 

diphosphoglycerate concentrations that lead to increased hemoglobin-oxygen affinity and 

impaired tissue oxygenation [125, 126]. These conditions may also happen during 

normothermic ESHP, significantly impairing the efficiency of the perfusate. More studies 

are warranted to 1) identify the optimal composition of blood-based perfusate; 2) to design 

bio-friendly lining to reduce the deleterious effect of blood elements/cells coming in 

contact with artificial parts during normothermic ESHP.  

Another important factor in maintaining the efficiency of the perfusate, and normothermic 

ESHP in general, is providing hormonal support for the heart during perfusion. Generally, 

insulin and catecholamines are utilized during normothermic ESHP for metabolic and 

inotropic support respectively [97, 98, 107]. These hormones are delivered at constant 

rates/doses during the perfusion, thus lacking the in-vivo real-time, demand-based 

regulation, and the interaction with other hormones which take place under a physiologic 

condition. A better understanding of hormonal requirements of the DBD and DCD hearts 

during normothermic ESHP is warranted.  

1.6.4.6. Clinical experience of normothermic machine perfusion of the donor heart 

While not yet FDA approved, The (OCS) is the only commercial, portable device available 

for clinical normothermic ESHP which preserves the donated human heart in a beating, 

dynamic state via perfusion of coronary vasculature in the non-working mode. The OCS 



25 
 

device consists of a portable console equipped with a wireless monitor, a disposable 

perfusion module, a diaphragmatic pump able to produce pulsatile flow, and a plate 

heater to maintain normothermia. The priming solution is 1.2-1.5 L of leukocyte-depleted 

donor blood, insulin, methylprednisolone, multivitamins, and sodium bicarbonate. During 

the period of perfusion, the cardioprotective property of the perfusate is maintained by 

infusion of electrolytes, dextrose, adenosine, and catecholamine (epinephrine) [95, 97]. 

A few centers in the world have been performing research in clinical normothermic ESHP 

using the OCS device. After two non-randomized clinical trials (PROTECT I, and 

PROCEED I) by Ardehali et al. in the US and promising results of 30-day post-

transplantation survival using normothermic ESHP, they pursued a prospective, 

randomized, multi-center trial comparing DBD hearts preserved with OCS, with hearts 

preserved with CSS. The preliminary results published in 2015, suggested non-inferiority 

of normothermic ESHP with the OCS, compared to CSS for the preservation of DBD 

hearts. There was not a significant difference in either of 30-day patient and graft survival 

(94% in OCS versus 97% in CSS), or cardiac-related serious adverse effects (13% in 

OCS versus 14% in CSS) between OCS and CSS. Despite significantly longer total 

“outside of body” preservation time in OCS group, the duration of cold ischemia was 

significantly shorter in this group compared to the CSS hearts [95]. Recently, Schroder et 

al. in their clinical trial (EXPAND), showed that OCS may be efficiently used to resuscitate 

and preserve extended criteria donor hearts, leading to excellent post-transplantation 

function and low primary graft dysfunction rates [127]. In the UK, Messer et al. compared 

the outcomes of transplantation of hearts obtained from DCD and DBD donors preserved 

with OCS, and in 2017 reported a comparable one-year survival (86% in DCD versus 
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88% in DBD, p=0.98), length of hospital stay (20 days in DCD versus 27 days in DBD, 

p=0.09), and number of treated rejection episodes in DCD and DBD hearts [123].  

Garcia Saez et al. investigated the outcomes of transplantation of hearts preserved with 

OCS in a group of recipients who had been categorized as “high risk” due to either 

presence of left ventricular assist device and/or intraaortic balloon pump, or high 

pulmonary vascular resistance. In the patients who received the hearts that were 

recognized as transplantable according to the assessments during OCS, the survival rate 

was 96% in the follow-ups performed between 109-445 days after transplantation [109]. 

In Australia, Dhital et al. in a series of three cases were able to successfully resuscitate 

human DCD hearts of Maastricht category III (controlled DCD) with OCS and transplant 

them, with all the three recipients gaining normal cardiac function within a week [128].   

1.6.4.7. Assessment of the viability of donated heart in OCS, strengths and 

weaknesses  

Assessment of quality and viability of donated heart is a critical step in heart 

transplantation, directly affecting the outcomes [61]. Viability assessment is of particular 

importance in the attempt to include the extended-criteria DBD, or DCD hearts in the 

donor pool. In OCS, the assessment and prediction of post-transplant viability is based 

on metabolic findings, mainly lactate concentration during perfusion. The OCS device 

currently operates only in non-working mode, which prevents the functional assessment 

of the donor heart during normothermic ESHP [94, 123]. Arterial and venous gas status, 

lactate concentration, coronary blood flow, and aortic pressure can be monitored on this 

platform. Effective perfusion on the OCS is identified as venous lactate lower than the 

arterial lactate concentration during the run and a concentration of less that 5 mmol/L at 
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the completion of the perfusion [97]. Lactate concentration during normothermic ESHP 

has been suggested to be a reliable predictor of the viability of the donated heart. Hamed 

et al. evaluated the correlation of lactate levels during OCS perfusion of human donor 

hearts, with 30-day outcomes of transplantation and reported that the “end of perfusion” 

lactate concentration to be the most powerful predictor of post-transplantation graft failure 

(63% sensitivity and 93% specificity) [129]. This cut-off value of 5 mmol/L was recently 

challenged in the context of hearts donated after circulatory determination of death 

wherein in spite of a final lactate concentration greater than 5mmol/L, twelve DCD hearts 

were transplanted with 100% survival in the recipients (35). Ardehali et al. in PROCEED 

II randomized clinical trial reported that four of the initially acceptable donated hearts were 

eventually discarded due to the impaired total perfusate lactate profile during the 

perfusion on OCS. One of these hearts had a history of cardiac resuscitation and chest 

compressions, and later pathologic findings suggested a clinically significant cardiac 

contusion. The other three hearts belonged to donors with a history of substance abuse, 

congenital cardiac anomaly, or overlooked left ventricular hypertrophy [97]. Thus, they 

suggested that lactate concentration can be used as a tool in the setting of OCS to 

determine the hearts with a high risk of post-transplantation failure, and to prevent 

transplantation of non-optimal hearts. However, the possibility of perfusion with OCS 

causing myocardial damage, leading to impaired metabolic profile was also suggested 

[97]. Furthermore, Stamp et al. reported a case of extended perfusion (>8 hours) of an 

ideal human heart on OCS which despite normal lactate concentration during the run, 

developed significant edema and primary graft failure, and needed mechanical circulatory 

support post-transplantation [130]. These findings highlight the need for the functional, 
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alongside the metabolic assessment of the hearts perfused with OCS, to determine the 

eligibility of the heart for safe transplantation [98, 131].  

Our group has reported that in the setting of experimental normothermic ESHP of pig 

hearts, while the lactate concentration and myocardial oxygen consumption (MVO2) 

showed a weak correlation with myocardial performance (MVO2: R2= 0.28; Lactate: R2= 

0.02), functional parameters such as left ventricular stroke work (LVSW) and the minimum 

rate of pressure change (minimum dP/dt) demonstrated an excellent correlation with 

myocardial performance, and high sensitivity and specificity (LVSW: R2= 0.76, sensitivity= 

1.00, specificity= 0.77; dP/dt min: R2= 0.74, sensitivity= 1.00) [94].  The opportunity for an 

elaborate, reliable functional assessment of the donated heart during normothermic 

ESHP will only be possible in working mode. We have previously introduced the device 

and related protocol developed in our lab for normothermic ESHP in a large mammal (pig) 

model, which is easily reproducible for different animal models and heart sizes, and 

provides the possibility of performing echocardiographic evaluation as well. The software 

program supporting this apparatus allows for real-time and automated control of the pump 

to maintain desired aortic and left atrial pressure and evaluates and record a variety of 

functional and electrophysiological parameters with minimal need for supervision or 

manipulation [98], suggesting that such modifications may be possible in the clinical 

devices for normothermic ESHP too. However, such an adaptation seems inevitable to 

get the full benefits of normothermic ESHP to evaluate biochemical, anatomical, and 

mechanical characteristics of the donated heart in a semi-physiologic working mode [95, 

98]. 
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On the other hand, despite the non-inferiority of OCS perfusion to CSS, and significantly 

shorter cold ischemic time with OCS in PROCEED II trial, OCS did not lead to an 

improvement in post-transplant early outcomes, suggesting that avoiding extra ischemia 

is not enough for optimal preservation of donated heart [132].  

1.6.4.8. Normothermic ex-situ perfusion of the donor heart, cost versus 

effectiveness 

When compared to CSS, which is simple and quite inexpensive, the expenditures of heart 

perfusion with OCS are significantly higher. While the reusable OCS heart console alone 

costs ~ $300,000, the disposable single-use perfusion kit costs ~ $50,000 [133]. In 

addition, OCS needs more technical support and training. The results of recent clinical 

trials on OCS does not support the cost-effectiveness of this method yet as they have not 

been able to prove its superiority over CSS, however, the expenditures of normothermic 

ESHP may be justified by the reduction in the lifetime costs of the graft through shortening 

of the waiting times (less need for mechanical circulation support devices and/or 

hospitalization), and better graft survival, which may be possible with normothermic ESHP 

[75, 114, 132]. Larger clinical trials with longer follow-ups and associated cost-

effectiveness analysis are warranted.  

1.6.4.9. Effects of semi-physiologic left ventricular load 

The maintenance of semi-physiologic heart chamber pressures may exert 

cardioprotective effects during normothermic ESHP. We have shown that the myocardial 

decline occurring during ESHP of pig hearts, regardless of perfusion mode (non-working 

and working) but surprisingly, those hearts perfused in working mode (WM) had 

significantly better preservation of function compared to the hearts perfused in non-
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working mode (NWM) [107, 111]. The mechanism for superior functional preservation of 

hearts perfused in WM has not yet been determined and is under investigation in our 

group. These findings suggest that normothermic ESHP in the more physiologic setting 

of a loaded left ventricle (WM) is not only essential for an elaborate assessment of the 

donated heart, but may also have cardioprotective effects. 

1.6.4.10. Normothermic ex-situ heart perfusion, challenges 

1.6.4.10.1 Preservation of function 

As reported previously by our group and others, myocardial systolic and diastolic function 

decline during normothermic ESHP.  Preservation of myocardial function and viability is 

an important element for maximizing the potential advantages of normothermic ESHP for 

the purpose of 1) expanding the donor pool, 2) enhancing safe preservation times for 

better evaluation, reconditioning, and allocation. Experimental studies have shown a 

significant decline in myocardial function during normothermic ESHP in either a setting of 

short perfusion in a rat model, or 6-hour and 12-hour perfusion in a pig model in the 

presence of acceptable lactate concentration range [107, 134, 135]. The observed 

functional decline did not appear proportionate to either rate of cell death happening 

during normothermic ESHP, or severity of myocardial injury observed histologically [58, 

107]. An alternative explanation for the functional deterioration of the heart during ESHP 

may be inadequate energy substrate or inefficient energy-yielding metabolism. In general, 

the main source of energy during clinical or experimental normothermic ESHP has been 

exogenous glucose, as the free fatty acids (FFAs) tend to rapidly deplete during the 

perfusion [107]. However, Experimental ESHP performed by our group and others, in 

either pig or rat hearts have shown that catabolic, energy-producing metabolism of 
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glucose may not take place efficiently during ESHP regardless of temperature [107, 136]. 

Therefore, the functional decline during normothermic ESHP may be preventable and/or 

reversible. Therefore, the functional decline during ESHP may be preventable and/or 

reversible. We have shown that the myocardial function improved partially but significantly 

at 12 hours of normothermic ESHP of pig hearts by providing added energy substrate 

(pyruvate) [107]. As the heart has very high energy demands, altered energy-yielding 

metabolism during normothermic ESHP can cause functional decline. The subject of 

efficient energy substrate support for the heart in the setting of normothermic ESHP has 

been overlooked. More studies are warranted to identify the efficient energy substrate 

support for the heart during MP for the aim of optimal functional preservation. 

1.6.4.10.2. Edema formation in myocardial tissue 

Edema formation may also play role in the functional decline of the heart. Edema, 

although was reported to be a significant, limiting factor in hypothermic ESHP, has been 

also frequently reported in normothermic ESHP studies. Although edema formation has 

been significantly lower with blood-based perfusates, it still raises concerns as edema 

can impair diastolic function/relaxation, and may also lead to capillary collapse and 

impairment of myocardial perfusion during normothermic ESHP [95, 137]. Interestingly 

edema formation has been frequently reported, even with the perfusates holding 

adequate colloid properties (blood and/or colloid-added crystalloids) [107]. Induction of 

inflammatory responses triggered by exposure to the extracorporeal circuit may be an 

important underlying reason for edema formation during normothermic ESHP. Sandha et 

al. reported that in a pig model of normothermic ESHP, the addition of steroids 

(methylprednisolone) to the perfusate during perfusion significantly reduced the 
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concentration of pro-inflammatory cytokines, and myocardial edema, however, reduced 

edema was not accompanied by an improved myocardial functional state [134]. 

Experimental observations suggest that in the hearts perfused with blood-based 

perfusates, only approximately 10% of the functional decline is attributable to edema 

formation [95].    

1.7. The extracorporeal perfusion-related effects and their implications on 

patient/organs 

Extracorporeal life support (ECLS) systems are routinely utilized to either support the 

body circulation during cardiac surgery (cardiopulmonary bypass, CPB), or to support 

blood ventilation (extracorporeal membrane oxygenation, ECMO) in patients with critical 

heart (Venoarterial ECMO, VA ECMO) or lung conditions (Venovenous ECMO, VV 

ECMO). These systems are lifesaving, however, the extracorporeal circulation systems 

in general are associated with many alterations induced to cellular and non-cellular 

content of circulation, and exposed tissues which negatively affect patient outcomes [138, 

139].  The apparatuses for ex-situ thoracic organ perfusion (ESTP), including ESHP 

apparatus, while different from ECLS apparatuses, share many aspects with those, 

particularly with CPB system. Thus, similar alteration occurring to the blood and organs 

during ECLS may occur during ESTP (e.g. ESHP) which may affect optimal preservation 

of the donor organs in these settings. The similarities and differences of ESHP with ECLS 

systems are summarized in Table 1.5 [98, 139-141]. 
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1.7.1. Inflammation and oxidative stress in the setting of thoracic organ support-

oriented extracorporeal circulation 

The mechanical extracorporeal circulation systems (including CPB and ECMO) are 

associated with induction of systemic inflammatory response (SIRS) and systemic 

oxidative stress in exposed patients. Induction of these responses which are associated 

with adverse patient outcomes, has been a limiting challenge for these otherwise life-

saving technologies [138, 139]. The alterations induced to various aspects of 

circulation/blood during extracorporeal circulation (ECC) play a central role in the 

induction of inflammatory and oxidative stress responses in this setting [138, 139, 142].  

1.7.1.1. Inflammation and oxidative stress in cardiopulmonary bypass and 

extracorporeal membrane oxygenation 

Although in general these phenomena has been observed in both experimental and 

clinical setting, the study designs and response patterns have been very variable between 

the studies. McILwain et al. reported a rapid rise in plasma levels of pro-inflammatory 

cytokines tumor necrosis factor-alpha (TNF-α) and interleukin (IL) 8, in healthy neonatal 

pigs subjected to venoarterial ECMO for eight hours. [143]. Chen et al. showed that in a 

setting of 24 hours of ECMO in healthy pigs, the circulating concentrations of 

malondialdehyde (MDA, a marker of oxidative stress) increased, while the concentrations 

of superoxide dismutase (one of the key antioxidantive enzymes), glutathione (the mother 

antioxidant), and in general the total antioxidant capacity decreased only in two hours 

after starting ECMO [142]. Graulich et al. reported that perfusion of fresh human blood at 

normothermia in an ECMO circuit for 12 hours lead to activation of the leukocytes and 

increased plasma levels of neutrophil elastase, and expression of surface interleukin-18 
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in polymorphonuclear cells (PMN) and monocytes without a change in the number of the 

leukocytes [144]. These findings suggest that oxidative and systemic inflammatory 

responses are stimulated very early during ECMO. On the other hand, Chen et al. 

reported that six hours of ECMO treatment in a piglet model of acute respiratory failure 

was not associated with increased plasma pro-inflammatory cytokines in either VV or VA 

ECMO. However, IL-1β and IL-8 cytokines were significantly increased overtime in the 

bronchoalveolar (BAL) lavage of only VA ECMO group [145]. In an ovine model of smoke-

induced acute lung injury placed on venovenous (VV) ECMO, Passmore et al. reported 

increased levels of circulating IL-6, 1-2 hours after starting of ECMO alongside increasing 

levels of active matrix metalloproteinase-2 (MMP-2) in BAL during ECMO in both smoke-

injured, and healthy control lungs. Tissue infiltration of leukocytes, upregulation of MMPs, 

and circulating interleukin (IL)-6 decreased the pulmonary compliance in smoke-injured 

lungs compared to healthy control lungs placed on VV ECMO. They concluded that the 

pre-existing injuries exacerbate the inflammatory response induced by VV ECMO [146]. 

In an experimental model of freshly donated human blood circulated for 12 hours with 

neonatal ECMO circuit, plasma levels of TNF-α, IL-6 and IL-8 all showed a trend for 

increasing during the first 6 hours compared to baseline. However, compared to the 

baseline, only TNF-α and IL-8 were significantly higher after 12 hours of circulation [147].   

Thangappan et al. in a retrospective study, reported the incidence of SIRS in 24% of the 

patients who had undergone ECMO due to cardiac or respiratory failure, without any 

evidence of infection despite extensive investigation [148]. Hirthler et al. reported 

increasing of plasma TNF-α, IL-1, and IL-2 during 36 hours of ECMO in infants, with only 

TNF-α showing a significant increase overtime during ECMO among the non-survivors, 
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suggesting that life -hreatening complications associated with ECMO (including cardiac 

complications) may be related to the activation of inflammatory responses [149]. In a 

mixed group of neonates undergoing ECMO due to respiratory or cardiorespiratory 

failure, Fortenberry et al. reported a significant increase in the circulating IL-8 which 

occurred in only 15 minutes after starting of ECMO, and stayed elevated for 24 hours. 

They also observed a significant activation of neutrophils (evaluated by assessment of 

plasma neutrophil surface adherence protein [cluster of differentiation (CD) 11b] which 

initiated in the first 15 minutes and persisted for 12 hours after starting of ECMO. 

However, the levels of TNF-α and IL-1β did not significantly increase during ECMO. In 

the same study, the radiographic lung injury scores deteriorated during ECMO suggesting 

a negative association between activation of neutrophils and inflammatory responses, 

and lung viability [150]. Vitkova et al. reported increased plasma values of IL-1B, IL-6, 

and IL-22 during application of ECMO in newborns [151]. Vallhonrat et al. reported a case 

of significant activation of the complement system (predominantly via the alternative 

pathway) one hour after the starting of the ECMO [152].  

Similar to ECMO, the patterns of development of inflammation and oxidative stress have 

been variable in the studies involving CPB. Ohata et al. reported increased plasma values 

of plasma IL-6, IL-8 and PMN elastase during CPB [153]. Halter et al. also showed 

elevated plasma IL-6, IL-8, and IL-10 during application of CPB in elective cardiac 

surgeries [154]. Ito et al. reported a significant and immediate increase in IL-6 and IL-8 

and granulocyte elastase after the starting of the CPB, with the values being higher in the 

group with the oxygenation index (OI) of <250 in the post-operation day-one compared to 

those with OI>250 suggesting that the level of the inflammatory molecules may be 
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negatively associated with respiratory function [155]. In a group of high-risk patients who 

undergo elective myocardial revascularization surgery using CPB, Stassano et al. 

reported a significant increase in plasma IL-1B, IL-6, and TNF-a during, and early post-

operation [156]. Similarly, Chen et al. reported a significant increase in IL-8, MDA, and 

adhesion molecules involved in neutrophil-endothelial cell interactions (including 

intercellular adhesion molecule-1) both during, and after the termination of CPB in a group 

of patients undergoing elective cardiac surgery [157]. Liu et al. reported a significant 

increase in the levels of MDA, TNF-a, IL-6 as well as anti-inflammatory IL-10 in adult 

patients undergoing cardiac valve replacement surgery [158]. Clermont et al. using 

Electron Spin Resonance technology showed that the concentration of nitroxide spin 

adducts (more stabilized reactive species) considerably increases in the circulation after 

starting of CBP, and remains high during the period of CPB [159]. 

 Chenowetch et al. reported a significant increase in the plasma levels of cleaved 

complement compartment-3 (C3a) occurring soon after the start of the CPB, which 

continued throughout the CPB, reaching to values five times higher than preoperative 

values, however the plasma C5a did not change during CPB [160]. In a group of adult 

patients undergoing CPB Steinberg et al. also reported a significant elevation in the 

plasma IL-6, and the products of complement compartment cleavage and activation C3a, 

C4a, and C5b-9 suggesting the involvement of inflammatory cytokines and the 

complement system in the CBP-adverse systemic effects [161].  

On the other hand, there are also observations opposing early, fulminant activation of the 

inflammatory responses during CPB. Deng et al. in a low risk group of patients undergoing 

coronary artery bypass graft, reported that the venous and arterial plasma levels of IL-6 
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and TNF-a, while stayed within normal ranges during the surgery and CPB, significantly 

increased after the termination of the CPB, with the levels of IL-6 still remaining high at 

24 hours after termination of CPB [162]. In a study by McBride et al. in a group of pediatric 

patients undergoing cardiac surgery, while levels of TNF-a and IL-1B did not change 

during, and after the termination of CPB in either of the plasma and BAL, IL-8 and anti-

inflammatory IL-10 significantly increased in plasma and BAL during and after CPB [163]. 

Haeffner Cavaillon et al. showed that the monocyte production of IL-1B increases 24 

hours after CPB, with no significant change in IL-1B during or early after the termination 

of CPB [164].  

1.7.1.2. Inflammation and Oxidative stress in ex-situ thoracic organ perfusion 

Adoption of ex-situ perfusion technology to clinical transplantation of thoracic organs has 

provided a dynamic method for preservation of donated organs in a more physiologically-

relevant condition when compared to cold storage [165]. Moreover, it allows for functional 

assessment, and potentially improvement of the donor organ during preservation time. 

Although this technology has facilitated transplantation of the sub-optimal, extended-

criteria hearts, the optimal ex-situ preservation of the myocardial function and viability has 

been a matter of debate as a result of the observed significant edema alongside declined 

functional status during extended ex-situ perfusion periods. This observation has limited 

the successful outcomes to shorter perfusion times, creating an obstacle for potential 

advantages of this preservation/ evaluation method [107, 141, 166]. The ex-situ organ 

perfusion systems share many aspects with ECLS systems, including the artificial 

material used in the circuit. In fact, the application of this technology itself is associated 
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with the induction of the pro-inflammatory mediators in both tissue, and perfusate [141, 

167]. 

 Ex-situ heart perfusion (ESHP) on the other hand, has been more challenging compared 

to ex-situ perfusion preservation of other organs because of its higher metabolic 

demands, and its sensitivity to different stresses it may endure before/during procurement 

and preservation (including ischemia-reperfusion injury, IRI). There is a significant gap in 

data on the incidence of inflammatory and oxidative stress responses during ESHP. The 

limited available data from studies performed by our team and others have mainly focused 

on mitigation of the inflammatory responses in the DCD, or cold-stored hearts, which have 

tolerated a significant warm or cold ischemic time respectively  [87, 134, 168], and face 

severe degrees of IRI during ESHP which may mask the inflammation and oxidative 

stress related to extracorporeal circulation/device itself.  In the recent experimental 

studies of ESHP by our team in a porcine model, we observed that perfusion of healthy 

hearts, which had not endured the insults related to brain death or circulatory death (such 

as a significant ischemic time), was also accompanied by severe induction of various 

inflammatory mediators (including interleukins), and oxidative stress. Activation of these 

responses may play a key role in functional decline of the hearts during ESHP [141, 169]. 

1.7.2. The pathophysiology of inflammatory and oxidative stress responses 

during extracorporeal circulation and perfusion 

The CPB, ECMO, and ESHP systems are different in many ways, but they share a very 

important aspect which is the artificial material used in building up the circuit, and  they 

all expose the organs to various types of non-physiological conditions which may have 

negative effects on organ’s function [138, 139, 170]. Soon after contacting of the patient’s 
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blood (or the blood-based perfusate) the synthetic extracorporeal circuit, the inflammatory 

and oxidative stress responses are activated as a result of the various alterations induced 

to both cellular and humoral elements of the blood/perfusate. In the next sections the 

pathophysiology of these phenomena are being discussed and are summarized in Figure 

1.2. 

 1.7.2.1 Complement and Contact activation system 

Activation of the contact system is central to the interaction between inflammation and 

coagulation. Contact system includes serine proteases factor XII (FXII), prekallikrein, 

coagulation factor XI (FXI), and high molecular weight kininogen (HMWK) [171]. 

According to the “Vroman effect”, within minutes after the contact between blood and 

artificial material (biomaterial) of the circuit, the sequential absorption of plasma proteins 

starts with fibrinogen, which then acts as a surface for other proteins of plasma to bind to 

the biomaterial, including but not limited to the contact activation pathway molecules, 

albumin, and complement component-3 (C-3). With the formation of the protein layer on 

the biomaterial surface platelets and PMNs will interact with each other, leading to 

releasing of different pro-inflammatory cytokines. Activation of the complement system 

will boost these interactions [172].  Activation of the contact system leads to cleavage of 

factor XII to XIIa and XIIf (that will induce the intrinsic coagulation pathway). Factor XIIa 

converts prekallikrein into active kallikrein and HMWK into bradykinin. Increased 

concentrations of kallikrein and bradykinin activate neutrophils and stimulate the release 

of cytokines and nitric oxide, promoting inflammation [139, 173]. In a sequential order, the 

intrinsic pathway of coagulation is induced via factor XIIa converting factor XI to XIa, which 

activates factor IX to IXa. Then IXa turns factor X to its active form Xa. Being the common 
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factor between intrinsic and extrinsic coagulation pathways, activated factor X (Xa) 

converts prothrombin to thrombin. Thrombin then cleaves fibrinogen to fibrin, which leads 

to the formation of clot. Thrombin is formed during extracorporeal circulation, despite 

administration of heparin, and is a link between coagulation and inflammation since it 

activates endothelial cells and induces production of reactive oxygen and nitrogen 

species (RONS), selectins (on platelets and endothelial cells) and platelet-activating 

factor, activates neutrophils, induces production and release of pro-inflammatory 

cytokines, and promotes platelet activation [139, 174, 175].  

Of the three initiating pathways of complement activation, while the classical pathway 

(CP) and lectin pathway (LP) are induced by antigen-antibody complex formation, 

alternative pathway (AP) can be directly induced through contacting with the biomaterial 

of the circuit. Activation of these pathways is followed by activation of the common 

pathway and activation of the C-3 that leads to the formation of the membrane attack 

complex (MAC). Activation of the complement system will significantly trigger 

inflammatory responses and increase capillary permeability and alter the vascular tone. 

Circulating products of the complement system activation and cleavage including 

anaphylatoxins (C3a, C4a, and C5a) activate platelets and endothelial cells and trigger 

release of Von Willebrand factor (VWF). The AP seems to be the main pathway activated 

during or after CPB as a result of the contact of the blood with biomaterial of the circuit 

and hydrolysis of C3 to C3a and C3b (activation of the common complement pathway). 

However, the CP can also be activated during CPB due to the activation of the 

complement protein C1 by factor XIIa of the activated contact system, protamine-heparin 

complex formation after administration of protamine at the end of CPB (to prevent 
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bleeding), and endotoxin released from the intestine during ischemia and reperfusion 

[172, 176]. Compared to CPB, there is a significant gap in the scientific literature about 

activation of pathways of the complement system during ECMO and its effects on 

patients’ outcome. Most of the existing literature is from the 1990s during which ECMO 

was applied with much older technology, including older versions of pumps and 

oxygenators. In the few existing, more recent studies on ECMO, a fairly rapid elevation in 

the concentrations of the complement system element has been reported [152, 177]. 

To our best knowledge, although the ESHP technology has been utilized to study the 

effects of the complement system activation and inhibition in the pathophysiology and 

outcomes of myocardial IRI, there is not any scientific report on the activation complement 

during ESHP. Studies are warranted to assess activation of the complement system 

during ESHP, and the possible effects of it on the preservation of the organs’ viability and 

function in this setting. 

1.7.2.2. Endothelium and blood cells 

1.7.2.2.1. Platelets 

Platelet activation has a major role not only in coagulative responses induced during 

extracorporeal circulation but also in the systemic inflammatory responses in this setting. 

Gemmell et al. in the beginning of the 21st century showed that the contact of whole blood 

with biosynthetic surfaces massively activated platelets in the blood even with using 

anticoagulant [178]. The limited amount of thrombin production triggered by tissue factor 

released from activated/injured endothelial cells, will promote activation of platelets 

through the protease-activated receptors (PAR) on the platelet surface. The massive 

production of thrombin by thrombin-activated platelets can further induce inflammatory 
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and oxidative stress responses [172]. In addition to thrombin (as the main platelet-

activating factor), complement activation (through CP), and physical characteristics of the 

circuit also contribute to the activation of platelets [139, 179]. Platelet activation has a 

major role not only in coagulation responses induced during extracorporeal circulation, 

but also in the systemic inflammatory responses in this setting [140]. A strong body of 

evidence suggests that adhesion of the activated platelets to the endothelial layer, serves 

as an attachment spot for the neutrophils, thus facilitating their migration. The binding of 

the platelet to the endothelium may take place through the interaction of CD40 on 

endothelial cell with CD40 ligand (CD40L), expressed on the activated platelets. On the 

other hand, CD40L can also induce production and release of chemokines and adhesion 

molecules in the endothelial cells. Secretion of IL-8 and monocyte chemoattractant 

molecule-1 (MCP-1) from the activated platelets lead to chemoattraction of neutrophils 

and monocytes respectively, and them attaching to the activated platelets. It has been 

also shown that the number of circulating activated platelets bound to PMNs and 

monocyte increase during CPB, which may trigger the pro-inflammatory effect of these 

immune cells [180, 181]. The activated platelets also experience alterations in their shape 

which leads to platelets to release the content of their granules including various 

chemokines, pro-inflammatory cytokines, and adhesion molecules into the circulation, 

which can further promote the inflammatory and oxidative stress responses to 

extracorporeal circulation [139]. While in general the existing studies about the specific 

role of platelet activation and dysfunction on the induction of the inflammatory responses 

during extracorporeal circulation in very limited, to our best knowledge there is not any 
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available clinical or experimental data on the effect of platelet activation and its role in 

systemic inflammation in the context of ESTP including ESHP.    

1.7.2.2.2. Red blood cells and hemolysis 

ECLS involve transfusion of significant amounts of packed red blood cells (pRBC). 

Transfusion of blood products is associated with increased morbidity and mortality in 

critically ill patients. This may be associated by the oxidative stress that is induced by the  

transfusion of pRBC, particularly aged pRBC that may contain low levels of Selenium 

(Se), necessary for the antioxidative defence of the cell [174]. During ECC, hemolysis 

occurs inevitably due to the blood passing through the different artificial compartment of 

the circuit including the oxygenator, pump, and the reservoir at varying speeds [182]. It 

has been reported that hemolysis increases during CPB in a time-related fashion, and the 

concentration of plasma lactate dehydrogenase (LDH) as a marker of hemolysis, has a 

positive correlation with inflammatory mediators induced in CPB [183]. Lysed RBCs will 

release cell- free hemoglobin, haem and iron. Being potent damage-associated molecular 

patterns (DAMPs), the cell-free hemoglobin and heme will induce/exacerbate the 

inflammatory responses and oxidative stress through affecting different systems and cells 

(including innate immunity, complement system, and endothelial cells) and may cause 

damage to the kidney, cardiovascular, pulmonary, and gastrointestinal dysfunction. 

Moreover, the Fenton reaction, converting haem- iron from a ferrous to ferric state 

generating highly active hydroxyl radicals (OH-), exacerbates the situation with further 

promoting oxidative stress-related modifications including lipid peroxidation and protein 

alterations. These modifications will alter the cellular membrane polarity and permeability, 

making the cells more susceptible to lysis, thus exacerbate hemolysis [174, 184, 185]. 
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Different organs and systems in the body actively participate in scavenging the pro-

oxidant products of hemolysis. These systems include the liver and spleen that uptake 

and metabolize the hemopexin-heme complex, monocytes and tissue macrophages that 

uptake hemoglobin-haptoglobin complex, and various antioxidative enzymes (e.g. haem 

oxygenase-1, HO-1). Although these systems compensate hemolysis-related 

pathophysiologic conditions at least partially, when the hemolytic insult is sever, the 

defensive systems of body/cell may become exhausted or diminished, and not capable 

of preventing pathologic conditions related to hemolysis  [184, 186]. Potentially, ex-situ-

perfused organs may undergo more severe hemolysis-related redox and inflammatory 

alterations due to the absence of the organs involved in scavenging hemolysis products, 

and possible depletion or decreased activity of antioxidants and antioxidative enzymes in 

the perfusate particularly in longer ex-situ perfusion times. In the setting of ex-situ thoracic 

organ perfusion there has been an effort going on to replace blood-based perfusate, with 

optimized acellular ones, with one of the important objectives to be bypassing hemolysis 

and related problems [187-189]. However, there is a considerable lack of data on the 

severity of hemolysis occurring in the setting of ex-situ thoracic organ perfusion and its 

possible effects on preservation of the viability of the perfused organs. To our best 

knowledge there is only one study by Kappler et al. on four-hour normothermic ESHP in 

a porcine model in which the free hemoglobin in the perfusate increased throughout the 

perfusion by approximately 0.02 mmol/L per hour [190]. Moreover, it has been reported 

recently that RBCs are active players in cytokine signalling and produce numerous 

inflammatory mediators including cytokines (e.g. lL-1B and TNF-a), chemokines, and 

growth factors. These factors release into the circulation due to hemolysis, or secretion 
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from intact cells [191]. Thus more studies are warranted to identify and target different 

roles of RBCs in triggering inflammatory responses in ECC, and more importantly in the 

setting of ex-situ thoracic organ perfusion (e.g. ESHP). 

1.7.2.2.3. Leukocytes 

Similar to the other pathologic inflammatory conditions, leukocytes are considered as the 

main players in the inflammatory and oxidative stress responses induced during ECLS 

and activation of leukocytes, mainly neutrophils is a major contributor to the organ 

damage in this setting. During circulation of blood in the extracorporeal circuit, continuous 

leukocytes activation has been witnessed by the significant increase in expression of the 

different markers of leukocyte activation such as CD18, CD11b, and CD62L. Thus, 

preventing them from coming in contact with the artificial circuit by filtering them or 

inhibiting their activation may attenuate the inflammatory responses and oxidative stress 

related to ECC [192-194]. During ECLS, neutrophils are activated mainly as a result of 

the activation of the complement system but activation of contact system, thrombin, 

histamine, heparin, cytokines, neutrophil-activating peptide 2 released from activated 

platelets, and interactions between platelets and neutrophils via CD40-CD40L and Mac-

1 (CD11b/CD18) also participate. Activated neutrophils release the content of their 

granules with potent inflammatory, oxidative, and cytotoxic effect including lysozymes, 

myeloperoxidase, elastase, hydrogen peroxide, and RONS [150, 170, 176, 180]. 

Experimental studies have suggested that activation of neutrophils occurs very early 

during ECLS, peaks in a few hours, and then declines after that. It seems that 

hemodilution that occurs in CPB may lead to a more severe neutrophil activation [140]. 

Although there is not any scientific report about the activation of neutrophil or in general 
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leukocyte as a direct result of the extracorporeal thoracic organ perfusion, in clinical 

ESHP, leukocyte-depleted blood is utilized for the perfusate to avoid or minimize 

activation of the immune system [97]. In many of the experimental settings for 

extracorporeal thoracic organ perfusion, the perfusate in either acellular, or the blood is 

mixed with different buffers to achieve the final volume of the perfusate, which leads to 

hemodilution that can potentially increase neutrophil activation   [60, 111, 140, 195]. On 

the other hand, in ESTP, high dose heparin administration to the perfusate (that is not 

followed with protamine administration at the end of perfusion) may have inhibiting effects 

on neutrophil activation [196]. More studies are warranted for characterization of 

neutrophil activation and related effects on the preservation of the organ and outcomes 

of transplantation in ESTP. 

During application of ECLS, the increasing number of circulating monocytes alongside 

the downregulation of the monocyte surface adhesion molecules, and loss of 

myeloperoxidase (MPO) suggest a significant activation of monocytes (although 

occurring slower than neutrophil activation), accompanied with production of pro-

inflammatory cytokines TNF-a, IL-1B, IL-6, IL-8, and prostaglandin [197, 198]. During 

ECC, the complement system is the major factor in the activation of monocytes directly, 

and also through promoting the formation of platelet-monocyte conjugates that trigger 

inflammation as well. Additionally, monocytes also express receptors for thrombin, and 

thrombin boosts the inflammatory activity of monocytes. Thrombin can also trigger 

activation of monocytes indirectly, through bonding of the platelets activated by thrombin 

to monocytes [199, 200]. The circulating monocytes are divided into different sub-

population (classical, intermediate, and non-classical) according to markers expressed 
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on the cell surface. Evidence suggest that while the non-classical monocytes may play 

role in induction of oxidative stress in vascular system and endothelial dysfunction, 

intermediate monocytes may be involved in the induction of systemic inflammatory 

responses related to ECC [201]. Paradoxically, some monocytes that are also induced 

during ECC, express hemoglobin scavenger receptor (CD163). This group of monocytes 

exert anti-inflammatory effects by removal of the potent pro-oxidant hemoglobin-

haptoglobin complexes formed due to hemolysis [202].  

ECC is also associated with alterations in lymphocytic sub-population and activity. It is a 

common belief that the number of different types of lymphocytes including T-cells, B-cells, 

helper T-cells, and natural killer cells together with their immunity-inducing potential 

decrease during application of CPB. However, there are some controversies. While some 

studies have reported no change in either number of lymphocytes, or their activation 

during application of ECLS [144, 176, 203], some others report evidence for the number 

of absolute T-cells, natural killer cells, and suppressor T-cells increasing during ECLS, 

and then reducing to lower than normal values in only one day after terminating the 

application [204]. 

1.7.2.2.4. Endothelial cells: 

The endothelium is an active player in different physiologic functions including controlling 

vascular tone, hemostasis, vascular permeability, and immune system responses. 

Conditions related to inflammation, activation of coagulation and complement system, 

production of pro-inflammatory cytokines and RONS, such as the events in ECLS lead to 

stimulation/activation of the endothelial cells similar to SIRS [139, 151]. Vascular 

endothelial irritation and damage not only leads to the production of cytokines and RONS 
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by endothelial cells, may lead to permeability edema and impairment of the oxygen 

exchange causing multiple organ dysfunction and failure [139, 140]. 

Activation of the endothelium has been reported in the clinical and experimental ECLS, 

observed with a significant change in the plasma markers of endothelium such as P-

selectin, E-selectin, and VWF, which are preformed and stored in the granules of the 

endothelial cells (as well as platelets), and are released into the circulation during 

application of ECC [205]. 

Stimulated by many of the factors released in the circulation during ECLS including 

anaphylatoxins, thrombin, and pro-inflammatory cytokines (most potently TNF-a and IL-

1B ), the expression of P-selectin and E-selectin on the surface of the endothelial cells, 

and L-selectin of the neutrophils increase, mediating the low-affinity, reversible rolling of 

the neutrophils along the vascular endothelium. The CD 11b/CD 18 (Mac-1) integrin 

expressed highly in activated neutrophils during ECC interacts with endothelial 

intercellular adhesion molecule-1 (ICAM-1), ICAM-2, and platelet endothelial cell 

adhesion molecule-1 to form a firm binding between neutrophil and endothelial cell. These 

interactions between the endothelial cells and leukocytes mediate transmigration of the 

leukocytes into the extravascular compartment that exacerbates the inflammatory 

responses related to ECC [144, 176]. On the other hand, with the adhesion of neutrophils 

to the endothelial cell, the elastase is introduced into the endothelial cell. The neutrophil 

elastase converts xanthine dehydrogenase enzyme into xanthine oxidase (XO), and the 

reaction of XO with xanthine generates superoxide anion that in turn reduces intracellular, 

transferrin-bound Fe3+ to unstable Fe2+
. It is believed that this process is at least partially 

compensated for with the activity of the nitric oxide synthase (NOS), producing nitric oxide 
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(NO) that can decrease the adhesion between neutrophil and endothelial cell, and 

scavenge superoxide to peroxynitrite anion. However, in high concentrations or longer 

exposure times, peroxynitrite may directly nitrate the tyrosine residues of enzymes, 

inhibiting their enzymatic functions, negatively affecting the function of the exposed 

organs [206, 207]. Moreover, the endothelial cells can also be stimulated directly by the 

circulating pro-inflammatory cytokines, leading to a pathological increase in vascular 

permeability that may cause tissue edema, and endothelial cell production of 

cyclooxygenase [206]. 

The technology of ESHP has been widely utilized to study the endothelial health and 

reactivity in the presence of different stimuli (e.g. IRI), and also to assess the effect of 

different agents and/or strategies to protect or treat the coronary endothelial layer. 

Interestingly, there has been a significant lack of information about the effects of the ECC 

itself on the coronary endothelial cells during ESHP. In a recent study by our team, we 

reported that during 12-hour ESHP of healthy porcine hearts, the cardiac function and 

vascular tone (measured by increased coronary flow) decreased overtime. In the same 

hearts the soluble ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1) significantly 

increased in the perfusate alongside different pro-inflammatory cytokines. The hearts also  

developed significant edema during ESHP suggesting that ECC induces inflammation, 

and activation and damage of the coronary endothelial cells while the function of the heart 

gradually declines during ESHP [141]. Exploring the interaction of the inflammatory 

responses induced during ESHP with endothelial activation and damage, and related 

effects on the quality of the perfusion-preserved donor organs (e.g. tissue edema), and 

on the outcomes of transplantation is highly warranted.  
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1.7.2.3. Hyperoxia  

Hyperoxia is considered as one of the main reasons behind the generation of RONS and 

oxidative stress during ECLS [174]. During application of CPB, hyperoxia occurs routinely 

by the iatrogenic high amounts of oxygen and supra-physiological partial pressure of 

oxygen (PaO2) in an effort to prevent hypoxia. The hyperoxia may not only be non-

beneficial in solving the possible oxygen delivery problems in this setting, it can cause 

oxidative stress, that triggers/exacerbates inflammatory responses induced during ECC 

[208].  

This phenomenon can be more severe in patients with pre-existing hypoxemia due to 

different conditions, which have been placed under ECLS. Caputo et al. reported that 

controlled reoxygenation early during application of CPB in pediatric patients with 

cyanotic diseases undergoing open heart surgery (normoxic PaO2: 50 mmHg versus 

hyperoxic PaO2: 150-180 mmHg) can attenuate oxidative stress and tissue damage [209]. 

The same group has also shown that in single-ventricle patients undergoing cardiac 

surgery with CPB, hyperoxic condition (PaO2: 150-200 mmHg) when compared with 

normoxic, was associated with significantly lower plasma IL-6, IL-8, cTn-I, 8-isoprostane 

(a marker of oxidative stress), and protein S100 (a damage-associated molecular 

pattern). Although in double-ventricle patients, they were not able to detect any difference 

in the plasma pro-inflammatory cytokines between two oxygenation policies, the normoxic 

CPB group showed lower 8-isoprostane and protein S100. Their results suggested that 

normoxic CPB has protective effects against the incidence of inflammation and oxidative 

stress, particularly in single-ventricle patients who suffer more severe degrees of cyanosis 

before the surgical correction [210].   
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During ECMO, hyperoxia is more of a prominent condition in VV-ECMO where the 

hyperoxic blood returns to the venous system, directly perfusing the damaged pulmonary 

vessels [138, 211]. In an experimental study of ECMO in a rat model, Fujii et al. reported 

that PaO2 ≥300 mmHg compared to PaO2 :100-299 mmHg during 120 minutes of ECMO 

was associated with significantly higher plasma TNF-a and IL-6, lower anti-inflammatory 

IL-10, and higher edema formation in the lungs (while edema was negligible in low PaO2 

groups) [212]. Also, Trittenwein et al. detected a significant positive correlation between 

the pulmonary tissue MDA and PaO2 during experimental ECMO in a rabbit model [211]. 

Retrospective evaluation of patients placed on VA-ECMO post-cardiac surgery by 

Sznycer-Taub et al. suggested that Pao2 >193 mmHg during the firs 48 hour of ECMO 

may be associated with higher risk of 30-day post-operative mortality and some adverse 

outcomes such as the need for renal dialysis [213]. Similarly, Cashen et al. has also 

suggested that hyperoxia (PaO2 ≥ 200 mmHg) during the first 48 hours of ECMO 

application is associated with a higher mortality [214]. Hyperoxia potentially may occur 

where oxygen is administered in percentages higher than room air (Fraction of inspired 

oxygen, FIO2>21%). Taking into account that a considerable number of the patient are 

hypoxic/hypoxemic condition (e.g. acute respiratory distress syndrome) before 

application of ECMO, the negative effect of hyperoxia during ECMO may be even worse 

[215]. However, values to be considered as hyperoxia have not been well defined yet as 

different authors have defined it in a wide range, with 100>PaO2≥485 mmHg [58, 216]. 

A better definition of hyperoxia during ECLS seems necessary for better protection of 

patients application of ECLS.  
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The optimal PaO2 in ESHP is even more uncertain. During the 20th century’s ESHP 

experiments performed in the more physiologically-relevant working mode, typically a 

bloodless Krebs-Henseleit (KH) buffer was utilized for perfusate. Such a buffer would 

maintain a pH of 7.40 using 95% oxygen flow that produced a PaO2≥450 mmHg that is 

much higher than physiological values (PaO2:75-100 mmHg). Later it was observes that 

the addition of RBC to KH to reach a 35% hematocrit can improve the oxygen delivery of 

the buffer to the heart with much closer to physiological values of PaO2 [216]. More 

recently, in the experimental studies using an RBC-contained perfusate (either whole 

blood or washed RBCs), the PaO2  is maintained in lower values, not exceeding 300-400 

mmHg, and mainly in the range of 100< PaO2< 200 mmHg, which is able to provide and 

maintain a physiological oxygen saturation [58, 98, 111] 

1.7.2.4. Ischemia reperfusion injury 

The pathophysiological effects of IRI (tissue and systemic) start with ischemia and 

depletion of the cell energy, and paradoxically worsen with reperfusion which involves the 

interaction of inflammation, oxidative stress, cellular sub-structural alteration and 

damage, and cell death. During ischemia, due to the hypoxic condition in the cell and 

uncoupling of the oxidative phosphorylation and glycolysis, the adenosine triphosphate 

(ATP)-consuming cellular pumps stop, and the pH drops. Upon reperfusion, abrupt 

reoxygenation and pH correction leads to accumulation of Ca2+ in the cells and generation 

of RONS through various pathways together with activation of inflammatory responses. 

Activation of the inflammatory responses including activation and transmigration of 

neutrophils into the tissues, and production of pro-inflammatory cytokines will boost 

massive production of the RONS, exacerbating oxidative stress and inflammation [217, 
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218]. With cross-clamping the aorta and application of cardioplegic solution during cardiac 

surgery involving CPB, the heart undergoes global ischemia. The lungs also partially get 

ischemic as a result of the deletion of the flow that the lungs receive through the bronchial 

arteries. The peripheral organs also subject to global hypoperfusion. When the coss-

clamp is removed, the abrupt reperfusion of the heart and lungs lead to IRI, which has a 

negative effect on the outcomes [176, 219]. The application of ECMO on the other side, 

is not directly associated with IRI. Yet, due to the indications of ECMO (respiratory and/or 

cardiac failure), the organs have been already subjected to different degrees of 

ischemia/hypoxia and hypoperfusion, thus the hyperoxic perfusion via ECMO leads to a 

massive production of RONS and exacerbation of oxidative stress and inflammatory 

responses [174]. Although during ECLS, IRI contributes to the ECLS-related inflammation 

and oxidative stress, the electron spin resonance spectroscopy evaluation has suggested 

that production of the reactive oxygen occurs throughout the application of ECLS, going 

beyond the RONS production in the context of IRI [159]. 

In ESHP, when compared to the standard donor organ preservation method (cold 

storage), the duration of cold ischemia is considerably shorter. However, ischemia still 

occurs during the procurement of the organ, and mounting of the organ on the ex-situ 

perfusion apparatus [98]. Moreover, in the case of DCD, the longer warm ischemic times 

are expected, due to the legal “no-touch” period that should be followed to confirm the 

irreversible circulatory death prior to procurement. Thus, the ex-situ-perfused hearts are 

naturally affected by IRI during early perfusion. In fact, one of the rationales of ESHP 

technology as a preservation method has been evaluating the IRI-related damages to the 

potential donor heart, and addressing it in an ex-situ setting. This is of particular 
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importance in the donor hearts with longer ischemic times (e.g. DCD hearts) with 

predicted severe IRI [75, 220]. Thus, IRI in the setting of ESTP is a contributor to ROS 

during early perfusion, and may also further trigger inflammatory responses and tissue 

damage. 

1.7.2.5. Absorption of antioxidants/decreased antioxidative potential 
 

Growing evidence suggest that the bioavailability of micronutrient and trace elements 

necessary for the function of the antioxidative enzymes such as copper, zinc, selenium, 

manganese, as well as may non-enzymatic antioxidants such as uric acid, vitamins C and 

E decrease during ECC as a result of circuit biomaterial and compartments depositing 

and sequestering these elements [138,174]. 

1.8. Targeting inflammation and oxidative stress 

1.8.1 Circuit optimization 

With the elucidation of the role of the artificial surfaces, air-blood contact, and shear stress 

in induction of inflammation and oxidative stress in ECLS, the attentions were raised to 

1) detect the highly involved components of the circuit in the induction of this 

phenomenon, and 2) to improve the general aspects of the circuits used during ECLS to 

prevent/minimize it.  

Targeting of the contact system in the setting of ECLS may decrease inflammation and 

oxidative stress. For this purpose, the main attention has been toward modification of the 

circuit surfaces. The surface modification of the circuit may include the application of 

biomimetic surfaces (e.g. heparin, and direct thrombin inhibitors); or biopassive surfaces 

(phosphorylcholine, albumin, and poly- 2-methoxyethylacrylate-coated circuits). The 

earlier attempts using molecules such as albumin and silicone did not show any beneficial 
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effect. However, both clinical and experimental  studies have advocated that the currently 

commercially available heparin-coated circuits, and third-generation heparin-polymer 

coated ECLS circuits improve the biocompatibility and may be associated with decreased 

production of thrombin and pro-inflammatory cytokines, reduced activation of leukocytes, 

complement, and platelets, and improved clinical outcomes compared to standard 

circuits, despite the higher costs  [221-223].  

There is a lack of scientific data on the effect of different surface modifications in the 

setting of ESHP. Part of this lack of data is related to the fact that the circuit used in ESHP 

shares the same components and artificial material with the ECLS circuit, thus similar 

reactions to surface modifications are predicted for ESTP. Also, the organs are typically 

being perfused for a few hours in the clinical setting. However, in general, the size of 

circuit compared to the exposed organs is considerably higher [138] in the setting of 

isolated organ perfusion (including ESHP) compared to ECLS systems (including CPB). 

This situation may also exacerbate the inflammatory and oxidative stress responses. 

Also, the home-made circuits used in experimental studies on ESTP, particularly in the 

small animal models, may not follow clinically relevant reactions to different surface 

modification methods and material. Studies using clinically relevant platforms and circuits 

seem inevitable for evaluation of the biocompatibility in ESTP setting in terms of reducing 

inflammation and oxidative stress.  

The improved knowledge on the effects of artificial, non-endothelialized surfaces in the 

induction of inflammation and oxidative stress during ECC, lead to the development of  

minimized extracorporeal circuits (MECC) with lower surface area compared to 

conventional circuits. These circuits are also fully “closed”, even as a CPB circuit, 
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preventing air-blood interface. Application of ECC with mini-circuit show lower RBC 

damage and systemic inflammation and oxidative stress, although they may not be 

suitable for highly complicated procedures/surgeries [138, 170, 224]. Regardless of the 

size of the circuit, there is limited data about the contribution of each circuit components 

in induction of the inflammatory and oxidative yet it has been shown that using smaller 

sized oxygenators and connectors, application of centrifugal pumps, and additional in-

line filters are associated with higher hemolysis that can induce/exacerbate oxidative 

stress and inflammation [174, 225]. 

1.8.2. Leukocyte filtration 

Activated leukocytes, neutrophils and monocytes in particular play a crucial role in the 

development of oxidative stress and inflammation during ECC, thus eliminating this 

phenomenon has been believed to bear a potential in decreasing inflammatory and 

oxidative stress responses in this setting. In this regard, leukocyte-depleting filters have 

been used in surgeries requiring CPB. On the other hand, these filters can be placed in 

either 1) arterial line, or 2) venous line. The leukocyte depletion with continuous arterial 

line filters incorporated into the circuit has shown mixed results in terms of the pro-

inflammatory cytokine, activation of the neutrophils and complement system, induction of 

biomarkers of oxidative stress, and organ dysfunction during and after CPB. It has been 

also suggested that placing the leukocyte filter in the venous line can also successfully 

deplete leukocytes and decrease the inflammatory responses as well. Moreover 

leukocyte filtration in venous line under lower pressure and flow may cause lower 

leukocyte damage and elastase release [226-230]. In critically ill neonates placed on 

ECMO, transfusion of leukoreduced blood via leukocyte filtration is associated with 
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improvement of patient outcomes [231]. In a group of infants with severe pertussis 

needing ECMO, leukoreduction with leukocyte filtration applied before priming and the 

establishment of ECMO was associated with a trend for higher survival in the patients 

[232]. The findings of the very limited number of studies suggest that the protective effects 

of leukoreduction in ECMO, may be highly related to the underlying condition (e.g. 

inflammatory versus non-inflammatory). Yet, the prolonged, continuous leukocyte 

filtration, despite the reduction of circulating leukocyte count may increase hemolysis and 

release of free hemoglobin, leukocyte damage and rupture and can induce/exacerbate 

inflammation and oxidative stress in this context [233].  

In clinical ESHP, the leukoreduced donor blood is used for the perfusate as the standard 

of care [95]. Leukocyte reduced/depleted perfusate (either using leukocyte filters or 

centrifuging the blood) has been also frequently used in experimental ESHP studies to 

reduce the assumed inflammation and oxidative stress [94, 111, 121]. However, in our 

previous experimental studies we have reported a significant induction of inflammatory 

and oxidative stress responses during ESHP that occurred despite using an in-line 

leukocyte filter [141]. Recently we have also reported that a perfusate containing 

leukocyte-depleted blood, compared with a whole blood-based perfusate did not 

decrease circulating concentrations of pro-inflammatory cytokines or tissue edema. 

Moreover, it did not improve cardiac functional preservation during extended (12-hour) 

ESHP [169].  
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1.8.3. Pharmacological interventions 

1.8.3.1. Corticosteroids 

Although corticosteroids have been utilized in the setting of cardiac surgery for more than 

half a century, there are controversies on their clinical beneficial effects. Various studies 

have suggested that corticosteroid administration may reduce the complement activation, 

expression of endothelial adhesion molecules, cytokine release and neutrophil –related 

tissue injury, and can improve the integrity of myocardial and pulmonary tissue [234]. 

Among corticosteroids, methylprednisolone and dexamethasone are the most commonly 

used synthetic corticosteroids in the setting of CPB, however methylprednisolone has 

been the most frequently administered corticosteroid due to its strong anti-inflammatory 

properties, and lower induction of fluid retention [235]. A strong body of evidence 

suggests that perioperative administration of corticosteroids (≥ 1 𝑑𝑜𝑠𝑒) in surgeries 

involving CPB can attenuate generation of pro-inflammatory cytokines, markers of tissue 

damage (e.g. creatine kinase myocardial band, CK-MB and cTn-I), acute phase reactants 

(e.g. C-reactive protein), RONS, adhesion molecules and it may increase the anti-

inflammatory cytokine IL-10. On the other hand clinical studies evaluating the effect of 

this intervention on patients outcome have shown mixed results. While some studies 

reported perioperative administration of corticosteroids to be associated with improved 

myocardial contractile function, lower incidence of post operative atrial fibrillation (AF), 

decreased post-operative need for mechanical ventilation and circulatory support, and 

shorter duration of the hospital stay while not affecting the risk of infections [236-245], 

other groups did not detect any beneficial effects for steroid administration regarding 

improving post-operational recovery, decreasing incidence of post-operative arrhythmias, 
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or pain, shortening of the ICU/hospital stay, shortening of needed mechanical ventilation 

time, and mortality [238-241, 245]. Despite the mixed findings, meta-analysis 

investigations suggest that prophylactic steroid in patients undergoing cardiac surgery 

involving cardiopulmonary bypass significantly decreases the length of ICU and hospital 

stay and post-operation AF in adult or pediatric patient populations [246-248]. Thus, 

according to AHA/ACC, steroid administration seems to reduce the inflammatory 

responses to extracorporeal circulation with negligible risk, the prophylactic use of it in 

encouraged, and currently is widely applied in patients undergoing ECC [234]. Similarly, 

corticosteroids have been administered widely in patients undergoing ECMO and is 

believed to benefit critically ill patients through reducing the systemic inflammatory 

response and compensating for the cortico-adrenal insufficiency. The related clinical trials 

overall have supported its effect in improving secondary outcomes such as decreasing 

the need for mechanical ventilation and the length of ICU stay. Based on the meta-

analytical investigations, corticosteroid can reduce in-hospital mortality in critically ill 

patient with ECMO [249]. Despite these observations, the indication of corticosteroid 

therapy before or during ECMO is still highly depends on the justification of its use in the 

underlying pathological condition (e.g. influenza- induced acute respiratory distress 

syndrome (ARDS) versus diffuse alveolar hemorrhage-related ARDS) [250]. 

Corticosteroids added to the perfusate, is the standard of care in clinical protocols of 

ESHP [97, 128].  Most of the attention has been focused on the beneficial effects of 

steroids in attenuating myocardial IRI that the donated hearts (particularly DCD hearts) 

are subjected to before, and during organ procurement and before starting of the ESHP 

[97, 134]. In general, there is very limited data on the effects of steroids on reducing the 
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ex-situ perfusion-related inflammation and oxidative that may be masked in ESHP 

prefusion of ischemic hearts. Whilst corticosteroids are added to the perfusate in clinical 

ESHP, the few existing experimental studies have reported little or no beneficial effects 

for steroids in preventing the cardiac functional decline, tissue damage, and edema during 

ESHP [134, 251].  

1.8.3.2. Statins 

During the recent few decades the anti-inflammatory and antioxidative effects of statins 

(e.g. Rosuvastatin) has been recognized [252, 253]. The clinical trials and earlier meta-

analysis of clinical trials suggested that preoperative prescription of statin in patients 

undergoing cardiac surgery and CPB can attenuate the inflammatory responses and 

induction of markers of tissue damage induced by extracorporeal circulation, and may 

improve the patient outcomes [140, 253, 254]. However, a more current meta-analysis by 

An et al. showed that preoperative statin, while has a beneficial effect in decreasing the 

incidence of post-operative AF, does not decrease the risk of post-operative myocardial 

infraction or stroke in the patients undergoing cardiac surgery involving CPB [255]. The 

meta-analysis by Putzu et al suggested an increased risk of acute kidney injury and in-

hospital mortality with preoperative statins, while the earlier meta-analysis by this group 

also failed to show any improvement in patient outcomes (e.g. mortality and incidence of 

post-operative AF) [140, 256, 257]. Statins have been also used in adjacent to VV-ECMO 

for the treatment of respiratory pathologies such as ARDS [249], but to our best 

knowledge the effect of statins to attenuate the inflammatory and oxidative stress 

occurring during ECMO has not been investigated. Similarly, ESHP has been used as a 

study method to evaluate the beneficial effects of statins (anti-inflammatory and 
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antioxidant effects) in attenuating myocardial IRI for their [258, 259] but again, their effect 

has not been investigated in attenuating the ECC-related inflammation and oxidative 

stress in the setting of ESHP. 

1.8.3.3. Phosphodiesterase Inhibitors   

The second messengers cyclic guanosine monophosphate (cGMP) and cyclic adenosine 

monophosphate (cAMP) participate in the regulation of multiple physiological cell 

processes. These nucleotides are degraded by 11 families of phosphodiesterases 

(PDEs), that are distributed diversely in different tissues. Among those, cAMP-specific 

PDE4 is highly expressed in the cardiovascular tissues and immune cells, and its 

inhibition help in maintaining the intracellular level of cAMP, decreasing vascular 

resistance, promoting inotropy and also ameliorating the inflammatory responses [260]. 

The anti-inflammatory effects of PDE inhibitors have been investigated during recent 

decades. The anti-inflammatory and organ-protective effects of PDE inhibitors in ECLS 

has been somehow controversial. It has been shown in clinical and experimental studies 

that PDE inhibitors can adjust myocardial energetics, and ameliorate myocardial, and 

systemic inflammation and myocardial IRI in CPB [261-264]. Paradoxically, in an 

experimental study in a rat model of VA-ECMO, administration of PDE inhibitor lead to 

significantly lower pulmonary tissue injury, vascular endothelial cadherin expression in 

vein tissue and serum compared to controls, without lowering the serum levels of the pro-

inflammatory cytokines such as TNF-a and IL-6 [265]. More studies are warranted on the 

anti-inflammatory and antioxidant properties of PDE inhibitors alongside their beneficial 

effect on patient outcomes in ECLS. 
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Similar to most of the agents discussed here, although the ESHP has been used to 

evaluate the cardioprotective and therapeutic properties of different families of PDE 

inhibitors [266, 267], yet to our best knowledge the effects of PDE inhibitors on mitigating 

the inflammatory responses and/or improving the functional preservation of the heart 

during ESHP is unknown. More experimental and clinical studies are required to evaluate 

the cardioprotective effects of PDE inhibitors in the setting of ESHP.  

1.8.3.4. Complement inhibitors 

Experimental and clinical studies evaluating different complement inhibitors including 

APT070 and TP10 (C3 and C5 activation inhibitor) and Pexelizumab (a recombinant 

antibody binding to C5) have reported a significant reduction in active complement 

proteins, and better protection of the lungs and myocardium during CPB, and 

improvement in patient outcomes [268-270]. However, some of these studies failed to 

show an association between diminished complement activation and inflammation [268]. 

It has been shown that heparin-coated ECMO circuits, lead to attenuation in complement 

activation due to complement-inhibitory effects of Heparin [271].  

As a technique to study the physiology and pathology of the heart, ESHP has been used 

to evaluate the effects of complement activation and inhibition on myocardium [272, 273], 

but to our best knowledge there is are no scientific data on the effect of complement 

inhibition during ESHP with blood derived perfusates.  

1.8.3.5. Protease inhibitors 

Serine proteases, generated as a part of coagulation cascades, also released from the 

activated leukocytes are among the important mediators of inflammatory responses as 

they are involved in production of the pro-inflammatory cytokine, and activation of immune 
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cells [274]. A bovine lung-derived serine protease inhibitor (aprotinin) which was originally 

evaluated to improve homeostasis in patients undergoing cardiac surgeries, has also 

shown anti-inflammatory effects in this process. Both clinical and experimental studies 

suggest that aprotinin may attenuate the CPB-related inflammation by decreasing the 

activation of 1) contact system (preservation of Kallikrein inhibitor activity), 2) coagulation 

pathway (inhibition of plasmin), 3) complement system (decreased production/activation 

of complement factors), and 4) modulating leukocyte activation [275-278]. It may protect 

the heart during CPB as evidenced by lowering the levels of plasma cTn-I and CK-MB 

[234]. In an experimental study of ECMO in a canine model, serine protease inhibitor 

(nafamostat mesylate) administered during ECMO lead to similar anticoagulant effects 

with heparin, and a significantly lower IL-1β in plasma during the procedure. Despite these 

promising results, the use of serine protease inhibitors (aprotinin in particular) has raised 

some concerns as an observational propensity and multivariate analysis by Mangano et 

al. reported significantly higher incidence of adverse cardiac, cerebral, and renal events 

in patients receiving aprotinin [234, 279] .  

Serine protease inhibitors have been studies in the context of ESHP, particularly to 

assess its effect in attenuating the damaging effects of myocardial ischemia and IRI [280, 

281]. Yet, studies addressing the possible cardioprotective effects of serine protease 

inhibitors through their anti-inflammatory characteristics against the ECC-related 

inflammation and oxidative stress during ESHP will be beneficial. 

1.8.3.6. Antioxidants 

Antioxidants are molecules capable of neutralizing free radicals by reversing the unpaired 

condition of the radical by donating or receiving electrons form it. The antioxidant-oxidant 
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interactions can either destroy the oxidant molecule, or change it into less reactive, and 

less damaging molecules compared to the original molecule [170]. Among the various 

antioxidative agents that have been assessed to decrease the oxidative stress in ECLS 

is Propofol. Propofol is an agent widely used in anesthesia that also has antioxidative 

properties. Clinical studies have reported that propofol administration throughout cardiac 

surgery with CPB leads to better myocardial protection, lower circulating markers of 

oxidative stress, and improved patient outcomes [282].  

In an experimental CPB study in a canine model, administration of N-acetylcysteine 

(NAC) right before and during early CPB led to a significantly better myocardial function 

alongside lower concentration of 8-isoprostane in coronary sinus plasma samples [283].  

In patients undergoing cardiac surgery with CPB, NAC administration during the operation 

has been reported to significantly lower the formation of RONS, oxidative stress 

biomarkers, TNF-α and CK-MB in plasma samples, and improve the respiratory function   

[284, 285]. Similarly, dexmedetomidine, a selective α2-adrenoreceptor agonist with anti-

inflammatory and antioxidant effects, when administered before application of CPB in 

cardiac surgery lead to lower serum TNF-α and cTn-I concentrations [286]. However, 

there has been a controversy in the results of the studies evaluating the beneficial effects 

of antioxidants in the context of ECC. In a group of patients undergoing coronary artery 

bypass grafting surgery, administration of vitamin C, did not improve the pro-inflammatory 

cytokine profile of the patients, or myocardial function [287]. In another clinical study, 

while simultaneous administration of vitamin C and vitamin E, significantly decreased 

oxidative stress during CPB, but did not decrease the incidence of post-operative AF 

[288]. Other antioxidants such as coenzyme Q10 (CoQ10), a lipid-soluble antioxidant, 
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also has shown diverse results about its protective effects against the complications of 

cardiac surgery and cardiopulmonary bypass. However, the meta-analysis by Frutos et 

al. suggested that CoQ10 treatment is associated with lower incidence of ventricular 

arrhythmias and less need for post-operative inotropic support, but is not associated with 

a decreased risk of post-operative AF, or with myocardial function and length of hospital 

stay [289].   

 A meta-analysis of clinical, perioperative use of antioxidant revealed that NAC, 

polyunsaturated fatty acids (PUFA), and vitamin C in surgeries applying CPB is 

associated with significantly lower risk of post operative AF, and better patient outcomes 

(mortality in NAC, and length of hospital stay in PUFA) [290]. Similarly, a recent meta-

analysis reported that perioperative administration of Vitamin C is associated with 

significantly lower incidence of post-operative arrhythmia, shorter need for mechanical 

ventilation and a significantly shorter length of hospital and ICU stay, however, it was not 

associated with an improvement in mortality [291]. Interestingly, there is a significant 

paucity of data about beneficial effects of antioxidants in ECMO treatment, despite the 

fact that the endogenous antioxidant defence system is impaired in critically ill patients 

that would need ECLS [174]. In general, there is a considerable heterogeneity in study 

designs, and the chosen antioxidant agents between the studies. More experimental and 

clinical studies are warranted to address the effects of antioxidant administered in ECC 

on systemic inflammation and oxidative stress, organ damage, and patient outcomes.  

With the increasing interest for transplantation of DCD organs using the ex-situ organ 

perfusion technology, naturally IRI has become a hot topic in preserving these organs. 

Due to the significance of myocardial IRI in cardiac health and function, targeting it with 
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antioxidants has been a focus of ESHP studies. In the rat hearts that had endured a 

significant global warm ischemia, the post-conditioning with soluble vitamin E (Trolox) has 

been shown to significantly reduce the IRI, and improving their functional status during 

40 minutes of ESHP [292]. In a porcine model of a very long period of cold ischemia (24 

hours), soluble vitamin E added to the perfusate lead to better preservation of myocardial 

coronary endothelium and mitochondrial morphological characteristics, and attenuated  

inflammation and tissue edema in the treated hearts compared to the controls [293]. 

Danshensu [3 (3,4dihydroxyphenyl) 2 hydroxy propanoic acid,] treatment in the rat hearts 

endured 30 minutes of warm ischemia followed by 30 minutes of reperfusion was 

associated with a significant improvement in antioxidant profile and enzymes activity 

including glutathione peroxidase and nuclear factor erythroid-2-related factor 2 (Nrf2) in 

myocardium alongside decreased secretion of the markers of myocardial damage [294]. 

In a rat model of myocardial IRI, addition of glutathione alone or together with vitamin C 

to the perfusate at the start of ESHP attenuated the myocardial IRI in the treated hearts 

and at the same time reduced production of peroxynitrite [295]. While these studies are 

focused on attenuating the myocardial IRI, to our best knowledge there are no available 

studies on the cardioprotective effects of antioxidants against the ECC-related oxidative 

stress during ESHP. Thus, studies designed to assess the effects of antioxidants in 

improving cardioprotection during ESHP through attenuating ECC-related inflammation 

and oxidative stress are inevitable.  

1.9. Conclusion 

ESHP provides the opportunity to assess and recondition the donated heart while it is 

preserved in a beating, semi-physiologic condition. Avoiding cold ischemia, and 
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maintenance of myocardial aerobic metabolism in this setting may lead to superior 

preservation of donated heart compared to conventional CSS, and may also facilitate 

preservation and resuscitation of extended-criteria sub-optimal hearts, thus expand the 

donor pool. However, both functional and metabolic assessment of the heart is essential 

during ESHP to prevent high-risk transplantation. Despite all the promising, 

cardioprotective aspects of ESHP, the functional status of the heart declines gradually 

during ESHP. Although the mechanisms of functional decline are yet to be discovered but 

the alterations related to ECC may play an important role. Inflammation and oxidative 

stress are induced during ECC. While these phenomena are better studied in clinical 

setting (e.g. CPB and ECMO), they have been significantly overlooked in ex-situ organ 

perfusion and in particular in ESHP. More importantly, the effects of addressing them in 

ESHP on myocardial functional preservation and outcomes of transplantation is unknown.  

Clinical ESHP is still in its infancy. Thus, an elaborate identification of the ECC-related 

effects on myocardial tissue and preservation environment (perfusate), optimal perfusion 

conditions (including circuit/device optimization), and efficient metabolic support for the 

heart during perfusion is necessary for the aim of  improving the clinical protocols of ESHP 

and better preserving and reconditioning of the donated hearts in this setting. In this thesis 

we have evaluated the heart during an extended period of ESHP (12 hours) and have 

studied the alteration occurring during this period in functional status of the heart, 

metabolism, and in general ECC-related changes, together with evaluating the different 

mechanical perfusion parameters that may affect the viability of the heart in this setting. 

The specific objectives of this thesis are as below:  
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1) To assess the cardioprotective effect of a semi-anatomical position of heart, and 

semi-physiological left ventricular load during ESHP 

2) To assess the incidence of cell death, and overtime changes in energy-yielding 

metabolism, alongside functional preservation of heart during ESHP 

3) To assess the incidence of inflammatory and tissue stress responses during ESHP 

4) To assess the incidence of oxidative stress and related alterations in antioxidative 

potential, and metabolism of the myocardial tissue and induction of 

cardioprotective mechanisms during ESHP in different workloads (semi-

physiological ventricular load versus empty beating heart) 

5) To assess the effects of ESHP with a leukocyte-depleted perfusate on 

inflammation, oxidative stress, metabolism and functional preservation of the heart 

during ESHP.  
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1.10. Tables and figures 

Table 1.1. New York Heart Association (NYHA) Heart Failure symptom classification 

system [2] 

 

Table 1.2. American College of Cardiology- American Heart Association classification of 

Chronic Heart Failure [24] 
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Table 1.3. Factors and entities of impact on the definition and usability of 'marginal 

cardiac donors' 

Extra-cardiac factors Age 

Ischemic time 

Size 

Virology status 

Heart-related variables Left ventricular hypertrophy 

Valvular/congenital abnormalities 

Coronary artery disease 

Brain-death related factors Intracranial haemorrhage 

Penetrating head injury 

Brain malignancies 

Drug/substance intoxication 

Various 

Impact of optimal donor 
management 

Metabolic/endocrine management 

Hemodynamic assessment 

Coronary evaluation 

Echocardiographic evaluation 

Non-heart beating donation  
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Table 1.4. Modified Maastricht classification for donation after circulatory determination 

of death [75] 
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Table 1.5. Differences between extracorporeal life support techniques and ex-situ heart 

perfusion 

 ECMO CPB ESHP 

Application of 
artificial 
materials/components 

Yes Yes Yes 

Connection to body Connected Connected Non-connected 

Duration Days to weeks Minutes to hours Minutes to hours 

Haemodilution No Yes Yes 

Anticoagulation Low-dose heparin 
High-dose 
Heparin 

High-dose 
Heparin 

Reversal of 
anticoagulation 

No Yes (protamine) No 

Hypothermia No Yes Variable 

Air-blood interface No (closed-circuit) 
Yes (there are 
some closed-
circuit variants) 

Yes 

Pulsatility 
Variable with 
mode 

No 
Variable 
(dependent on 
device) 

 
ECMO, extracorporeal membrane oxygenation; CPB, cardiopulmonary bypass; ESHP, 
ex-situ heart perfusion 
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Figure 1.1. ACC/AHA Guideline recommendations for treating patients with chronic 

heart failure [35] 
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Figure 1.2. Summary of the pathophysiologic conditions occurring during extracorporeal 

circulation. A: Artificial biomaterial of the circuit B: Vascular system of the organs 

 

AM, adhesion molecules; Br, bradykinin; C, complement compartment, c, cytokines; Cu, 

copper; FI, free iron; FIX, factor-9; FX, factor-10; FXI, factor-11; FXII, factor-12; K, 

kallikrein; Mn, manganese; NO, nitric oxide; O2, oxygen; PaO2, partial pressure of arterial 

oxygen; PK, pre-kallikrein; pTh, prothrombin; ROS, reactive oxygen species; s, selectins; 

Se, selenium; Th, thrombin; VitC, vitamin C; Zn, zinc; , monocyte; , neutrophil; , 

red blood cell 
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2.1. Abstract 

 
The current standard method for organ preservation (cold storage, CS), exposes the heart 

to a period of cold ischemia that limits the safe preservation time and increases the risk 

of adverse post-transplantation outcomes. Moreover, the static nature of CS does not 

allow for organ evaluation or intervention during the preservation interval. Normothermic 

ex-situ heart perfusion (ESHP) is a novel method for preservation of the donated heart 

that minimizes cold ischemia by providing oxygenated, nutrient-rich perfusate to the heart. 

ESHP has been shown to be non-inferior to CS in the preservation of standard-criteria 

donor hearts and has also facilitated the clinical transplantation of the hearts donated 

after the circulatory determination of death. Currently, the only available clinical ESHP 

device perfuses the heart in an unloaded, non-working state, limiting assessments of 

myocardial performance. Conversely, ESHP in working mode provides the opportunity 

for comprehensive evaluation of cardiac performance by assessment of functional and 

metabolic parameters under physiologic conditions. Moreover, earlier experimental 

studies have suggested that ESHP in working mode may result in improved functional 

preservation. Here, we describe the protocol for ex-situ perfusion of the heart in a large 

mammal (porcine) model, which is reproducible for different animal models and heart 

sizes. The software program in this ESHP apparatus allows for real-time and automated 

control of the pump speed to maintain desired aortic and left atrial pressure and evaluates 

a variety of functional and electrophysiological parameters with minimal need for 

supervision/manipulation. 
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2.2. Introduction 

2.2.1. Clinical relevance 

While most aspects of cardiac transplantation have evolved significantly since the first 

heart transplant in 1967, cold storage (CS) remains the standard for donor heart 

preservation [1]. CS exposes the organ to a period of cold ischemia that limits the safe 

preservation interval (4-6 hours) and increases the risk of primary graft dysfunction [2-4]. 

Due to the static nature of CS, assessments of function or therapeutic interventions are 

not possible in the time between the organ procurement and transplantation. This is a 

particular limitation in extended criteria donors including hearts donated after circulatory 

of death (DCD), creating an obstacle for overcoming the considerable gap between 

demand and the current donor pool [5, 6]. To address this limitation, ex-situ heart 

perfusion has been proposed as a novel, semi-physiologic method of preserving donated 

hearts, minimizing exposure to cold ischemia by providing oxygenated, nutrient-rich 

perfusate to the heart during preservation time [1, 7, 8]. 

2.2.2. Ex-situ heart perfusion 

One of the most frequently used methods for ex-situ examination of the isolated heart is 

Langendorff perfusion. In this method, introduced by Oskar Langendorff in 1895, the 

blood flows into the coronary arteries and out the coronary sinus of the isolated heart, 

with the heart in an empty and beating state [9, 10].  Clinical ESHP in a Langendorff mode 

with the Transmedics Organ Care System apparatus (OCS) has been shown to be non-

inferior to CS in the preservation of standard-criteria donor hearts, [1] and has facilitated 

the clinical transplantation of DCD hearts [11]. However, there are concerns about the 

ability of the device to evaluate organ viability, as a number of donor hearts primarily 
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thought to be transplantable, were discarded after perfusion on the OCS [3]. The OCS 

supports the heart in the Langendorff (non-working) mode, and thus possesses a limited 

capacity for evaluation of the pumping function of the heart [3, 12].  A growing body of 

evidence suggests that functional parameters offer a better way to assess organ viability, 

suggesting that assessments of cardiac function may become a reliable tool for the 

evaluation and selection of hearts for transplantation during ESHP [3, 12-14].  

Furthermore, our studies on ex-situ perfused porcine hearts suggest that ESHP in 

working mode provides enhanced functional preservation of the heart during the perfusion 

interval [15, 16]. 

An ESHP apparatus capable of preserving the heart in a working mode must possess a 

level of automation to safely and precisely maintain preload, afterload and flow rates. 

Also, such a system should possess the flexibility to facilitate comprehensive 

assessments of cardiac function to be undertaken. The ESHP apparatus used here is 

equipped with custom software that 1) provides and maintains desired aortic (Ao) and left 

atrial (LA) pressure /flow, 2) provides real-time analysis of functional parameters and 

visual evaluation of pressure waveforms with minimal need for supervision. Pressure data 

is acquired with standard fluid-filled pressure transducers, and flow data is acquired with 

transit-time doppler flow probes.  These signals are digitized with a bridge and analog 

input, respectively. The heart is positioned horizontally with a slight elevation to the great 

vessels on a soft silicone membrane. The cannulation attachments pass through the 

membrane, incorporating a compliance chamber for dampening ventricular ejection. The 

goal of this manuscript is to provide researchers in the field of cardiac transplantation with 
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a protocol for ex-situ perfusion and evaluation of the heart, under normothermic, semi-

physiologic conditions in working mode, in a large mammal (Yorkshire pig) model.  

 

2.3. Protocol 

All the procedures in this manuscript were performed in compliance with the guidelines 

of the Canadian Council on Animal Care and the guide for the care and use of laboratory 

animals. The protocols were approved by the institutional animal care committee of the 

University of Alberta.  

2.3.1. Animals 

This protocol has been applied in female juvenile Yorkshire pigs between 35-50 kg. 

2.3.2. Biohazard  

All individuals involved in ESHP procedures had received proper biosafety training. 

2.3.3. Pre-surgical preparations 

- Place the organ chamber properly on the apparatus cart and install the silicon support 

membrane inside the organ chamber. The Ao, pulmonary artery (PA) and LA connection 

points can be seen in Figure 2.1.  

- Install the ESHP tubing network (represented in Figure 2.2A&B), oxygenator and filter. 

Attach the heat exchanger water lines and the sweep gas tubing to the oxygenator. 

- Place the flow probes for measuring coronary sinus/PA and LA flow on the 

corresponding tubing. 

- Connect the Ao and LA pressure transducers to the representative lines on the circuit. 
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- Ensure that all the tubing connections are firmly attached, and all the stopcocks and luer 

locks are properly closed on the unattached sites.  

- Prime the circuit with 750 ml of modified Krebs-Henseleit buffer (NaCl, 85; KCl, 4.6; 

NaHCO3, 25; KH2PO, 1.2; MgSO4, 1.2; glucose, 11; and CaCl2, 1.25 mmol/L containing 

8% albumin). De-air the Ao and LA pumps by positioning the pump outlet above the inlet 

so that the air leaves the pump chamber (Figure 2.3). The solution typically does not need 

to be oxygenized before the start of the perfusion.   

- Initiate the software after the Ao and LA pumps are de-aired and the circuit is primed. 

2.3.4. ESHP software initialization and adjustments 

Note: The ESHP apparatus used here is equipped with a custom software program to 

allow control of pump speed in order to achieve and maintain desired LA and Ao 

pressures. The software also analyzes functional parameters and provides a visual 

evaluation of pressure waveforms (Figure 2.4).  

- To start the ESHP program, click on the program shortcut on the monitor.  

- In the “setting” page, click “initialize”. The initializing message will appear on the board 

(Figure 2.5). 

- On the same page, zero the flow sensors clicking the “zero LA flow” and “zero PA flow”. 

The message will appear on the board. 

- Adjust the height of the pressure transducers to the height of the silicon support. To zero 

the pressure transducers, open the Ao and LA pressure transducers (and any other 
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transducers you have set to check the pressure) to the atmosphere, then click “zero all 

pressures” button. The message will appear on the board. 

- In the “main” page, increase the Ao pump speed gradually up to the point where flow 

from the Ao cannula appears in the organ chamber. In the present system, this is 

achieved with 900-1000 revolutions per minute (RPM).  

- Add 750 mL of blood to the perfusate solution to bring the total perfusate volume to 1.5 

L (as described in “Surgery, harvesting blood, and heart procurement” section) and then 

increase the LA pump PRM (800-900 RPM) so that no air remains in the LA cannula or 

the LA tubing beneath the silicone support membrane.  

- After initializing the controlling software and de-airing of the ESHP apparatus, donor 

heart procurement may proceed. 

2.3.5. Preparations and anesthesia 

- Administer 20 mg/kg of ketamine intramuscularly for premedication. 

- Transfer the pig to the surgical suite and place the pig on the operating table with 

tabletop heating to maintain normothermia.   

- Titrate oxygen flow rate for mask induction according to animal weight and the anesthetic 

system. For the closed-circle anesthetic circuits the oxygen flow should be 20 - 40 mL/kg.  

- Turn on isoflurane to 4 - 5%; after one or two minutes this may be reduced to 3%. 
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- Evaluate the depth of anesthesia. The pig is in the surgical plane if there is no withdrawal 

reflex when a pinch is applied between the hooves or along the coronary band (pedal 

reflex). 

- After confirmation of the appropriate depth of anesthesia, proceed to intubation. 

- Place the pulse oximeter probe on the tongue (preferred) or ear. The oxygen saturation 

measured by pulse oximetry should remain above 90%.  

- Shave patches of hair off on the left and right elbow regions, and left stifle.  Wash off 

skin oils with soap and water, rinse with rubbing alcohol and dry completely. Place the 

ECG contacts. Avoid lead wire interference with the surgical site. Connect the leads to 

the correct locations. 

- To maintain the anesthesia, adjust oxygen flow (20 - 40 mL/kg) and inhalant gas rate (1 

- 3%). The heart rate should be 80 - 130 beats/min. Respiration rate should be 12 - 30 

breaths/min. 

- Shave, wash and aseptically prepare the incision site. 

2.3.6. Blood collection and heart procurement 

- Evaluate the anesthesia level every minimum every 5 minutes to confirm the surgical 

plane (no pedal reflex and no blink reflex, no response to painful stimuli). 

- Perform a median sternotomy. 

- Identify jugulum and xiphoid as landmarks.  
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- Using electrocautery, develop the midline between the landmarks by dividing the 

subcutaneous tissue and the fascia between the fibers of the pectoralis major muscle. 

- Mark the midline along the sternal bone with the cautery. Perform sternal osteotomy 

with an electric or air-powered saw. To prevent creating injuries to the underlying 

structures (e.g. pericardium and brachiocephalic vein, and innominate artery), proceed 

gradually with the saw.  

- Retract the sternum gradually, using a sternal retractor. To avoid excessive tension and 

vascular injury, do not place the retractor too far cranially. 

- Free the sternopericardial ligaments from the posterior surface of the sternum using 

cautery. 

- Open the pericardium with a Metzenbaum Scissor and fix the pericardial edges to the 

sternum using 1-0 silk suture. 

- Extend the midline incision cranially by 2-3 cm and expose the right common carotid 

artery and internal jugular vein. 

- Obtain proximal and distal control of the vessels by encircling the vessels with silk ties 

(2-0).   

- Tie the cranial encircling ties on each vessel. 
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- Open the anterior 1/3 of each vessel with an 11-blade and then insert a 5-6 F sheath 

into each vessel. Tie the caudal encircling tie around each vessel to secure the respective 

sheathes.  

- Monitor the arterial and central venous pressures by connecting each sheath to a 

pressure transducer.  

- Deliver 1000 U/kg heparin intravenously.  

- Place a 3-0 polypropylene purse-string suture around the right atrial appendage and 

secure it with a snare.  

- Inside the purse-string suture, create a 1 cm incision on the appendage using an 11 

blade. Insert a two-stage venous cannula (28/36 FR) inside the incision and position the 

distal tip in the IVC. Secure the cannula by tieing snare to the venous cannula. Control 

the outlet of the cannula with a tubing clamp. 

- From the two-stage venous cannula placed in the right atrium, collect 750 mL of whole 

blood from the pig gradually over a period of 15 min, into an autoclaved glass container, 

and simultaneously replace the volume with 1 L of an isotonic crystalloid solution such as 

Plasmalyte A. 

- Add the blood to the perfusion circuit (which has been previously primed with 750 mL 

Krebs-Henseleit buffer containing 8% albumin) to reach a final volume of 1.5 L of 

perfusate. The perfusate is a 1:1 combination of Krebs-Henseleit containing 8% albumin 

solution and whole blood from the donor animal [17]. 
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- Place a cardioplegia needle (14-16 F) in the ascending Ao and secure it with a snare.  

- Connect the cardioplegia cannula to the cardioplegia bag, to add 100 mL of blood to 

400 mL of cardioplegia (St. Thomas Hospital Solution No. 2) to reach a final volume of 

500 mL blood cardioplegia.  

- Euthanize the pig by exsanguination. If you are intended to add more blood to the 

perfusate after starting of the perfusion (according to the aims of the study), collect the 

blood and add 10-30 U/mL of heparin to it and store it in a glass container or a plastic bag 

at 4 ˚C for short durations (hours). For longer storage, follow the institutional guidelines.  

- Cross-clamp the ascending Ao with an Ao clamp and deliver the cardioplegic solution 

into the Ao root. 

- After delivery of the cardioplegic solution is completed, remove the cross-clamp and 

perform the cardiectomy. 

- For ease of attaching the Ao and PA to their representative cannula, partially dissect the 

ascending Ao from the PA using a Metzenbaum scissors.   

- Transect the superior and inferior vena cava, leaving roughly 1 cm of length on each.  

- Separate the heart from the posterior mediastinum by transecting the pulmonary veins.   

- Excise the heart ensuring all of the Ao arch vessels are procured along with a segment 

of descending Ao. Preserve up to the PA bifurcation. 
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- Weigh the empty heart. The amount of weight gain over the ex-situ preservation interval 

can be used as a metric for organ edema.  

2.3.7. Placement of the heart onto the ESHP apparatus and initiation of perfusion 

- Trim excess tissue around the LA with a Metzenbaum scissor, and cut between the 

pulmonary veins to create a common orifice. 

- Place a purse-string suture around the LA orifice using a 3-0 polypropylene suture. 

- Place the LA cannula into the LA orifice and secure it with a snare (Figure 2.6).  

- Suture and close the inferior vena cava with a 3-0 polypropylene suture. Leave the 

superior vena cava open at the beginning of the perfusion to ensure the right ventricle 

(RV) remains decompressed until the perfusate warmed and an organized rhythm is 

achieved. 

- Gently squeeze the ventricles to de-air the heart. Place the LA cannula over the magnet 

embedded in the silicon membrane. Ensure the magnet in the silicone and the 

corresponding metal ring in the LA cannula are properly engaged. 

- Attach the Ao to the Ao cannula embedded in the silicone membrane. Secure the Ao 

around the cannula with a silk tie. Trim the Ao to achieve a proper lie without tension or 

kinking. 

- Increase the Ao pump speed to 1600 RPM. The remaining air in Ao root will be ejected 

through the innominate and subclavian branches. 
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- Connect the Ao purge line to the innominate artery. Secure the connection with a silk 

tie. 

- Snare the left subclavian artery orifice with a silk tie. Secure the closure with a snare 

and snap. Through the orifice of the subclavian artery, place an introducer sheath (5f). 

Ensure that the length of the catheter and its orientation is properly adjusted so that it 

does not interfere with Ao valve function.  

- Connect the Ao pressure transducer to the introducer sheath side port.  

- Read the Ao pressure on the monitor. Adjust the Ao pump speed to reach a mean 

pressure of 30 mm Hg. At this point (Time 0) the perfusion has started in the non-working 

mode (Langendorff mode) and appearance of a dark deoxygenated perfusate in the PA 

line is a reflector of reestablishment of coronary flow. Set a timer to follow duration of the 

perfusion if needed. 

- Turn on the heat exchanger and set the temperature to 38 ˚C. The perfusate will warm 

up to 37-38 ˚C in approximately 10 minutes. For normothermic perfusion of a porcine 

heart, keep the temperature at 38 ˚C throughout the perfusion. 

- Maintain the perfusion in non-working mode for the first hour of the perfusion. Adjust the 

LA pump speed to maintain the LA pressure at 0 mmHg. 

- Once the perfusate temperature is > 34 ˚C, evaluate the heart rhythm and pace or 

defibrillate as required (5-20 joules). Ensure the heart is completely decompressed before 

attempting cardioversion.  
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- Check the dissolved gas status using a blood gas analyzer. Adjust the gas mixture to 

maintain a pH: 7.35-7.45, arterial partial pressure of carbon dioxide (PaCO2): 35-45 

mmHg, arterial partial pressure of oxygen (PaO2): of 100-150 mmHg, and oxygen 

saturation (sO2) ≥ 95 %. 

- Once the heart is normothermic and in a stable rhythm, ligate the superior vena cava. 

- Attach temporary pacemaker leads to the right atrial wall and pace the heart in an AAI 

mode at 100 beats/min.   

- Attach the epicardial electrocardiography electrodes to the surface of the heart. 

- Switch to working mode after 1 hour of perfusion in Langendorff mode. For this purpose, 

enter the desire LA pressure (typically 6-8 mmHg) on the left side of the main page, in the 

“desired LAP” section of the software, and click on the button to initiate the feedback loop. 

The activated working mode will appear as a green button, and the LA pump speed will 

automatically increase and decrease to reach and maintain the desired LA pressure.  

- As the heart begins to work, coronary vascular resistance will drop resulting in a low 

diastolic pressure. Adjust the Ao pump speed to maintain the Ao diastolic pressure of 40 

mmHg as afterload during perfusion in the working mode. 

2.3.8. Metabolic support during ESHP 

Note: Organ perfusion solutions, including Krebs-Henseleit buffer solution, typically 

contain glucose as the primary energy substrate. 
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- Check the glucose level (e.g. with blood gas analysis) at regular intervals during the 

perfusion. In accordance with the consumption rates, using a standard infusion pump 

replace glucose by continuous arterial infusion and/or bolus doses, to maintain an arterial 

concentration of 6-8 mmol/L of glucose throughout the perfusion. 

- Using a separate infusion pump, deliver 2 U/h of insulin to the perfusate throughout the 

perfusion. You may change the rate of insulin infusion according to the aims of the study. 

- For β-adrenoceptor stimulation of the heart, deliver 0.08 mcg/min of epinephrine to the 

perfusate using a standard infusion pump, and continue throughout the perfusion. 

Alternatively, an infusion of 4 mcg/min of dobutamine may be used. 

2.3.9. Anti-microbial / anti-inflammatory agents: 

- Add a broad-spectrum antibiotic (e.g. 3.375 grams of piperacillin-tazobactam) to the 

perfusate at the start of perfusion. 

- You may also add anti-inflammatory agents (e.g. 500 mg of methylprednisolone) to the 

perfusate, in accordance with the aims of the study.  

2.3.10. Assessment of function 

Note: The ESHP controlling software automatically calculates and records steady-state 

hemodynamic and functional indices every ten seconds.   

- Assessment of steady state systolic and diastolic function 
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- For assessment and recording of the steady state data, through the introducer sheath 

placed earlier in the subclavian artery, place a fluid-filled pigtail catheter into the left 

ventricle (LV) while in working mode.  

- Flush the pigtail catheter with saline and place the guide wire inside it.  

- Gently insert the catheter into the Sheath cannula previously placed in the subclavian 

artery. As soon as it passes through the Ao valve, remove the guidewire slowly and 

connect the pigtail catheter to the LV pressure line.  

- Follow the LV pressure wave on the monitor. The diastolic portion of the pressure wave 

will reach zero when the catheter has properly placed inside of the LV. Of note, this step 

is only possible in working mode since the Ao valve must be opening normally for the 

pigtail catheter to be able to enter the chamber. Once the pigtail catheter is placed in the 

LV and connected to the LV pressure transducer, the LV maximum and minimum rate of 

pressure change (dPdT min and dPdT max) will be recorded automatically. 

- Determine the myocardial performance by indexing the measured flow on the LA line, 

for heart mass (mL·min–1·g–1), at a given constant LA pressure (8 mmHg), and an Ao 

diastolic pressure of 40 mm Hg, and a heart rate of 100 beats·min–1. The LA pressure 

equals the cardiac output, assuming there is no Ao insufficiency. Examine the Ao 

pressure waveform to ensure there is no Ao insufficiency. 

- Assessment of preload recruitable stroke work (PRSW) 
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Note: PRSW is the linear relationship between end-diastolic volume and LV stroke work 

(LVSW) and represents an index for the evaluation of ventricular function, independent 

of preload, afterload, and size of the ventricle [18, 19].  PRSW can be measured with this 

system in a non-invasive fashion as described below [13]. 

- Remove the pigtail catheter from the LV, since the catheter may induce arrhythmias 

during PRSW analysis that will negatively affect the accuracy of the results. 

- On the main page, in the “Capture PVL” section, adjust the desired rate of drop in LA 

pump speed during the analysis (typically 100-200 RPM) and desired time during which 

the analysis will take place (typically 10-12 sec) (Figure 2.4). 

- After performing the adjustments mentioned above, click on “Record PVL”. The software 

will automatically exit working mode and gradually reduce LA pump RPM while 

simultaneously recording LVSW and LA pressure. At the conclusion of data collection, 

the software will perform linear regression on the newly acquired dataset to yield PRSW. 

After the ESHP software has completed the analysis, a message will appear on the main 

page, showing the correlation coefficient of the analysis. Press “OK” if the coefficient (R-

value) is desirable (typically > 0.95). The PRSW analysis results will be recorded. 

- After performing the analysis, to return to perfusion in the working mode, click on “Press 

To Start Working Mode” otherwise the software will continue in Langendorff (non-working) 

mode. The gray button will turn to green indicating a return to working mode. If repeated 

PRSW analysis is needed, before each new attempt ensure that the LA pressure/flow 

values return to the previous steady state values. 
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2.3.11. Metabolic assessment of the ex-situ perfused heart  

- Assess the metabolic state of the heart and the perfusate during ESHP, using the 

information obtained from the blood gas analysis of the perfusate samples collected from 

both Ao (arterial), and PA (venous) lines every 1-2 hours.  

- Perform blood gas analysis (every 1-2 hours) to monitor the gas and ionic state of the 

perfusate. Adjust the gas composition (O2 and CO2) and sweep speed to maintain a pH 

of 7.35-7.45, paO2 of 100-150 mmHg, and paCO2 of 35-45 mmHg. Adjust and maintain 

the perfusate ionic concentration of potassium and calcium in the physiologic range 

during the perfusion (e.g. by addition of calcium chloride if needed). 

- Use the information obtained from the blood gas analysis and coronary blood flow to 

calculate metabolic parameters. For example, myocardial oxygen consumption (MVO2), 

and LV mechanical efficiency (ME) can be calculated as follows: 

MVO2 (mL O2 · min-1 · 100 g-1) will be determined by multiplying the coronary blood flow 

(CBF) by the arterial-venous difference in oxygen content (CaO2 – CvO2). 

MVO2 = [CaO2 - CvO2 (mL O2 · 100 mL-1)] × CBF (ml . min-1 . 100 g heart mass), where; 

Arterial oxygen content (CaO2) = [1.34 (mL O2  . g Hb-1) × Hb concentration (g · 100 mL-

1) × oxygen saturation (%)] + [0.00289 (mL O2 · mm Hg-1 · 100 mL-1) × PaO2 (mm Hg)] 

Venous oxygen content (CvO2) = [1.34 (mL O2 · g Hb-1) × Hb concentration (g · 100mL-1) 

× oxygen saturation (%)] + [0.00289 (mL O2 · mm Hg-1 · 100 mL-1) × PvO2 (mm Hg)] 

LV mechanical efficiency (ME) will be calculated as follows: 
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LVSW (J . beat-1) / MVO2 (J . beat-1)  where 

Stroke work = {mean arterial pressure (mmHg) - LA pressure (mmHg)} × {LA flow (ml . 

min-1)/ heart rate (beats . min-1)} × 0.0001334 (J . mL-1 . mmHg-1), and 

MVO2 (J . beat-1)  = {MVO2 (ml . min-1)/heart rate (beats . min-1)} × 20 (joules . mL-1) 

2.3.12. Removing the heart from ESHP apparatus (end of perfusion) 

- Exit the working mode. Bring the LA pump RPM to zero. 

- Decrease the Ao pump RPM to zero. 

- Remove the pigtail and sheaths. 

- Quickly remove all the attachments to the heart. 

- Weigh the empty heart to determine the degree of myocardial edema formation. 

- Quickly take tissue samples of proper size from the left and right ventricles and place 

them in optimum cutting temperature (OCT) gel, formalin and/or snap freeze them in liquid 

nitrogen. Store the samples for future investigations (OCT and snap frozen samples in -

80˚freezer, formalin-stored samples in a properly sealed container at room temperature).   

- Close the program, all the recorded data will be saved. 

- Discard the remaining tissue, blood, bioactive materials and used ESHP apparatus 

components according to institutional protocols. 
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- Clean the ESHP cart using a sanitizing hard surface cleaner (e.g. 70% ethanol) 

thoroughly. 

2.4. Representative results 

At the starting of the perfusion (in non-working mode), the heart will normally resume a 

sinus rhythm when the temperature of the system and perfusate approaches 

normothermia. When entering working mode, as the LA pressures are approaching the 

desired values, ejection on the Ao pressure tracing should be observed and the LA flow 

(a reflection of cardiac output) should increase gradually. In a Yorkshire pig model (35-50 

kg) and a starting heart weight of 180-220 grams, the initial LA flow will be ~2000 mL/min 

and this will typically approach ~2750 mL/min during the first hour of perfusion in working 

mode. Figure 2.7 displays trends in Ao pressure (A) as well as LA and pulmonary arterial 

flow (B) over 12 hours of perfusion.  

During ESHP in the physiologic working mode, various metabolic assessments of the 

heart are also possible. Blood gas analysis/metabolic assessments performed on the 

perfusate samples obtained during ESHP provide extensive information on the metabolic 

status of the heart over time (Table 2.1 & 2.2) and (Figure 2.8A&B) [20].  In addition to 

blood gas analysis, perfusate samples can be collected and assessed for different 

biomarkers such as brain natriuretic peptide and troponin-I; however,  

It should be noted that ESHP occurs in a closed system, with no exchange of perfusate 

solution. In the absence of the organs that naturally metabolize/clear these factors (e.g. 

kidneys), the accumulation of biomarkers over time in the perfusate solution is typically 

observed (Figure 2.9).  
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Functional assessment of the heart using this platform may include both load-dependent 

parameters [including myocardial performance (cardiac index, CI), LVSW, maximum and 

minimum rates of pressure change (dp/dt max and min)], and load-independent 

parameters (PRSW) (Table 2.3). Figure 2.10 demonstrates the evaluation of LV PRSW 

during a computer-controlled linear reduction in the LA pressure. [13] In our experience 

with ESHP of >200 porcine hearts and >10 human hearts, the use of an automated ESHP 

software program has been in association with the development of standard operating 

procedures resulting in minimal inter- and intra-operator variability in the functional 

parameters. The ESHP apparatus and software system used here have been designed 

to maintain the desired pressures and collect the functional parameters with minimal need 

for manual adjustments, and we have observed an interclass correlation coefficient (ICC) 

≥ 0.9 for all of the assessed parameters (e.g. LVSW, and dp/dt max and min) that 

accounts for excellent inter-rater, intra-rater and test-retest reliability. In this system, the 

electrocardiographic monitoring of the heart during perfusion can also take place using 

two electrodes as described in the protocol, providing information on the heart rate and 

rhythm during perfusion (Figure 2.4).  

The assessment of the heart during ESHP may be extended to different imaging 

modalities. Echocardiography during ESHP can provide additional information on 

myocardial function (e.g. ventricular ejection fraction) and anatomical parameters 

(Figures 2.11 and 2.12). Moreover, and assessment of the coronary vasculature is 

possible with angiographic imaging [21]. 
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Performing a linear regression analysis identifies which parameters best correlated with 

myocardial performance (cardiac index: mL·min–1·g–1) during ESHP. We previously 

showed that despite the significant variation in the ability of the measured functional 

parameters to predict myocardial performance, overall, functional parameters exhibit a 

high correlation with cardiac output. The best functional predictors included systolic stroke 

work [coefficient of determination (R2) = 0.759], for systolic function, and minimum dP/dt, 

(R2 = 0.738) for diastolic function. Interestingly, metabolic parameters alone show a very 

limited ability to predict myocardial performance (oxygen consumption: R2 = 0.28; 

coronary vascular resistance: R2 = 0.20; lactate concentration: R2 = 0.02) [13]. Perfusion 

of the heart in a normothermic working mode offers the opportunity to obtain 

comprehensive metabolic and functional assessments of the heart during organ 

preservation.  A clinical ESHP device with the ability to support the donor heart in working 

mode will provide the healthcare team with the opportunity to made decisions about organ 

viability based on objective data before transplantation. 

 

2.5. Discussion 

2.5.1. Critical steps of the protocol 

Successful perfusion is defined according to the aims of the study; however, this should 

include uninterrupted ESHP for the desired amount of time and complete collection of the 

data on cardiac function during the perfusion. For this purpose, a few critical steps in the 

protocol must be followed.  

The heart is an organ with high oxygen and energy demands, and minimizing the ischemic 

time before cannulation and perfusion is an important principle that must be followed. The 
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process of procurement, mounting the heart on the ESHP apparatus, and initiating 

perfusion should not exceed 20-30 minutes. 

For efficient perfusion and reliable functional assessment, the process of mounting the 

heart on the apparatus bears critical importance. Proper anatomical alignment of the great 

vessels plays an important role in this regard. The heart should be procured with an 

adequate length of PA and Ao arch branches so that these vessels are not stretched 

when attached to the representative cannulae. From the start of the perfusion, efficient 

coronary perfusion plays a pivotal role in the protection of the heart during ex-situ 

perfusion. After starting of the perfusion in non-working mode, the Ao pressure should be 

monitored and adjusted on at least 30 mmHg to support the coronary perfusion efficiently.  

The appearance of a dark deoxygenated perfusate in the PA line is a reflector of the 

reestablishment of coronary flow. After switching to the working mode, the Ao pressure 

should be adjusted to 40 mmHg to provide adequate coronary perfusion pressure for the 

working heart.  

Deairing the heart chambers and Ao is essential for successful ESHP. At the time of 

attaching the LA cannula, squeezing the chambers will help in deairing the heart. Any air 

remaining the LV that is ejected should recirculate through the purge line in the 

innominate artery, which minimizes the risk of coronary air embolism. However, if 

substantial air remains in the left heart at the time of switching to the working mode, 

coronary air embolism is possible leading to a significant decline in myocardial function.  
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2.5.2. Advantages of ESHP in the working mode 

The goal of the presented approach is to provide a reproducible and reliable platform for 

experimental ESHP studies in large mammal models. Such a system provides the 

opportunity for perfusion in a physiologic working mode, and for extensive evaluation of 

the perfused heart. This provides an opportunity to evaluate cardioprotective protocols 

aimed at resuscitating dysfunctional donor organs. This system facilitates simple and 

reproducible assessments of cardiac functional parameters alongside metabolic 

parameters during ESHP, providing objective data that can be used to identify viable 

organs for transplantation. Such a comprehensive assessment is of particular importance 

when evaluating extended criteria donated hearts and hearts donated after circulatory 

death. Moreover, according to our observations in the setting of experimental ESHP, 

hearts perfused in a working mode display superior preservation of systolic and diastolic 

function over time compared to hearts preserved in a Langendorff mode, and may help 

extend the safe preservation time. 

 

2.5.3. Limitations of ESHP in the working mode 

ESHP in a working mode, is an efficient method to preserve the donated heart and assess 

its viability, yet it is an artificial setting, lacking many of physiologic aspect of the body 

(e.g. real-time hormonal and nutritional balance/support, and free radical scavenging 

systems). The heart is an organ with sophisticated energy/metabolic demands. Thus, 

providing consistent, efficient metabolic support to the heart perfused is critically 

important. We have observed a decline in the function of the ex-situ perfused heart, 

particularly during extended perfusion times [22]. Such a decline may be reflective of 
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metabolic inefficiencies affecting the function of working mode-perfused heart. More 

studies are warranted to characterize the optimal metabolic support for the heart during 

ESHP. An additional challenge is the complexity of working mode heart perfusion. Despite 

the enhanced simplicity of ESHP in this system, working mode perfusion should be 

performed by well-trained personnel.  

 

2.5.4. Future directions 

The ESHP apparatus with the capacity to perform a comprehensive functional and 

metabolic assessment of the hearts in a large mammal model, offers a great potential to 

develop translational therapeutic protocols to improve the dysfunctional/suboptimal 

donated hearts. ESHP may serve as a platform to administer therapeutic interventions 

targeting a wide range of conditions (e.g. ischemia reperfusion injury), and evaluate their 

effects on the metabolic and functional parameters of the perfused heart [12]. Moreover, 

working mode ESHP may facilitate extension of the safe preservation interval, which may 

help to overcome geographic limitations of organ donation and facilitate better allocation 

of donated hearts. 
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2.9. Tables and figures 
 

Table 2.1.: A case of the blood gas analysis performed during the ex-situ heart 

perfusion.  

 Aortic (arterial) parameters PA (venous) parameters 

 T1 T5 T11 T1 T5 T11 

Blood Gas values       

pH 7.28 7.44 7.33 7.25 4.42 7.30 

pO2  (mmHg) 123.00 149.00 141.00 44.00 55.40 57.80 

pCO2  (mmHg) 38.00 33.90 42.50 43.00 37.10 46.10 

Oximetry Values       

Hb (g/dL) 4.20 4.10 3.90 4.20 4.10 3.90 

sO2 (%) 100.00 100.00 100.00 64.00 95.50 92.00 

Electrolyte Values       

K+ (mmol/L) 4.20 4.60 5.20 4.20 4.60 5.20 

Na+ (mmol/L) 142.00 144.00 149.00 142.00 144.00 149.00 

Ca2+ (mmol/L) 1.02 1.20 1.40 1.02 1.20 1.40 

Cl-  (mmol/L) 107.00 109.00 114.00 107.00 109.00 114.00 

Osm (mmol/kg) 291.30 292.50 302.40 291.90 292.90 302.40 

Metabolite values       

Glucose (mmol/L) 7.00 5.30 5.10 7.00 5.20 5.00 

Lactate (mmol/L) 3.00 2.30 2.00 3.10 2.40 1.90 

Acid Base status       

Hco3- (mmol/L) 17.60 23.10 21.90 18.50 23.70 22.40 

 

Ca2+, calcium ion; Cl-, chloride ion; Hb, hemoglobin; HCO3
-, bicarbonate ion; K+, 

potassium ion; Na+, sodium ion; Osm, osmolarity; paCO2, arterial partial pressure of 

carbon dioxide; paO2, arterial partial pressure of oxygen; sO2, oxygen saturation; T1, 1-
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hour of ex-situ perfusion (early perfusion); T5, 5-hours of ex-situ perfusion (mid-

perfusion); T11, 11-hours of ex-situ perfusion (late perfusion) 

 

Table 2.2. A number of metabolic parameters calculated using the blood gas analysis 

data.  

Metabolic Parameters T1 T5 T11 

MVO2 L/min 7.02 5.24 3.74 

Venous Lactate mmol/L 2.8 2.1 1.9 

Arterio-Venous lactate difference 

mmol/L 
0 0.1 0 

Glucose Utilization g/hr 1.34 1.16 1.3 

 

MVO2, myocardial oxygen consumption; T1, 1-hour of ex-situ perfusion (early perfusion); 

T5, 5-hours of ex-situ perfusion (mid-perfusion); T11, 11-hours of ex-situ perfusion (late 

perfusion 
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Table 2.3. A case of Left ventricular functional parameters assessed during ex-situ 

heart perfusion.  

Functional Parameters T1 T5 T11 

CI (mL/min/g) 10.26 9.66 7.50 

SW (mmHg*mL) 2253 1965 1323 

dP/dT max (mmHg/s) 1781 1783 1482 

Sys p (mmHg) 128 121 91 

ME (%) 6.69 16.85 21.68 

PRSW 399 348.38 248.63 

dP/dT min (mmHg/s) -1444 -2350 -844 

 

CI, cardiac index; dP/dT max, maximum rate of pressure change; dP/dT min, minimum 

rate of pressure change; ME, mechanical efficiency; PRSW, preload recruitable stroke 

work; SW, stroke work; Sys p, systolic pressure; T1, 1-hour of ex-situ perfusion (early 

perfusion); T5, 5-hours of ex-situ perfusion (mid-perfusion); T11, 11-hours of ex-situ 

perfusion (late perfusion) 
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Figure 2.1.: The silicone support membrane for the heart  

  

with A: integrated aortic cannula, B: Left atrial cannula, C: pulmonary artery cannula. 
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Figure 2.2.: The ESHP circuit. (A) Schematic figure of the ESHP circuit. (B) ESHP 

apparatus used in our setting 

 

A: organ chamber and silicone support membrane, B: reservoir, C: arterial line filter, D: 

left atrial pump,  

E: aortic pump, F: membrane oxygenator and heat exchanger, G: gas mixer, H: tube flow 

sensor, I: pressure sensor, J: stopcock/ luer lock 
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Figure 2.3.: De-airing the pumps by positioning the pump outlet to a higher level 

 

 
 

Figure 2.4.: Screen shot from the running ESHP software program showing cardiac 

functional parameters. 
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Figure 2.5. Screen shot from the initialized ESHP software program. 

 

 

Figure 2.6. The magnetic left atrial cannula secured to the posterior aspect of the left 

atrium. 
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Figure 2.7. Monitoring pressures and flows during the perfusion. A: Trends in the aortic 

pressure during 12 hours of ESHP, B: Trends in the left atrial and pulmonary artery 

flows during 12 hours of ESHP 
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Figure 2.8. Overtime trend. A: myocardial oxygen consumption, B: venous lactate 

concentration during 12 hours of ESHP 

 

 

 

Figure 2.9. Overtime trend in perfusate concentration of cardiac troponin-I during 12 

hours of ESHP. 
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Figure 2.10. Assessment of preload recruitable stroke work a poorly-functioning heart 

(grey) versus a well-functioning heart (black). 

 

 

Figure 2.11. Representative 2d echocardiographic images. 
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Figure 2.12. Representative M-mode echocardiographic images. 
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3.1. Abstract: 

 

Background: Ex-situ heart perfusion (ESHP) is being investigated as a method for the 

continuous preservation of the myocardium in a semi-physiologic state for subsequent 

transplantation. Most methods of ESHP position the isolated heart in a hanging state, 

representing a considerable departure from the in-vivo anatomical positioning of the 

heart. This setting may negatively affect the functional preservation of the heart. Also, as 

a variable, it may affect the results of studies on ESHP. Methods: In the present study, 

cardiac functional and metabolic parameters were assessed in healthy pig hearts, 

perfused for 12 hours, in either a hanging (H), or supported (S) position, either in non-

working mode (NWM), or working mode (WM). Results: The cardiac function was best 

preserved in the hearts perfused in a supported position in WM (median 11-hour cardiac 

index / 1-hour cardiac index%: WM-S= 94.77% versus NWM-S= 62.80%, WM-H= 

36.18%, NWM-H= 9.75%, p<0.001). Delivery of pyruvate bolus, while leading to 

significant improvement of function in supported-perfused groups, only partially reversed 

myocardial dysfunction in the hanging-perfused heart groups. Conclusion: The hearts 

perfused ex-situ in a semi-anatomical supported position, and in physiologic WM had 

better functional preservation and recovery compared to the hearts perfused in a hanging, 

non-supported position. Optimizing the positional support for the ex-situ-perfused hearts 

may improve the quality of myocardial preservation during ESHP. 
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3.2. Background: 

 

During the recent few decades, normothermic ex-situ heart perfusion (ESHP) has been 

proposed as a promising technology for potentially superior preservation of donor hearts 

in comparison to static cold storage (SCS), [1, 2]. The technology of ESHP is branched 

from the setting of isolated heart perfusion, which has been widely used to study the heart 

for more than a century [2]. The ex-situ perfusion technology was investigated during the 

early years of heart transplantation for the preservation of the donated heart. However, it 

was soon replaced with SCS due to its simplicity and generally acceptable results [2]. 

Myocardial preservation in ESHP is based on continuous perfusion of myocardial tissue; 

thus, it supports the metabolism of the heart during preservation time [1, 2]. There has 

been renewed interest in ESHP for the preservation of donor hearts with the aims of 1) 

longer safe preservation periods, 2) possibility of viability assessment during preservation 

time, 3) potential improvement of the donated heart, and 4) expansion of the donor pool 

[2]. However, despite the promising results of experimental and clinical studies on ESHP, 

it has been observed that myocardial function declines gradually during perfusion, limiting 

the potential advantages of this technology [3, 4]. Ex-situ perfusion of the heart has been 

performed using a wide variety of devices and experimental variables. These variables 

include animal species, perfusion temperature, pump perfusion versus gravity-feed 

perfusion, perfusion with or without submerging the heart in perfusate, single-mode or 

multi-mode operating apparatuses, consisting of one pump or two pumps, and varying 

perfusates [5-13].  

For designing cardioprotective ESHP protocols, most of the attention has been focused 

on improving the composition of the solutions involved in the process of organ 
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procurement and ESHP, with the aim of minimizing the ischemia-reperfusion injury, 

providing efficient metabolic support for the heart, and preventing excess edema [5, 14-

16]. Little attention has been given to the effects of the physical positioning of the heart 

during ESHP. In the majority of experimental ESHP studies, the heart has been 

suspended from the aorta (hanging), a position considerably different from the in-vivo 

position in the mediastinum wherein the myocardial mass is supported by the pericardium 

and the diaphragm which balances the hydrostatic, inertial, and gravitational forces, 

prevent excessive dilatation and wall stress, and modulate the weight borne by the heart 

[17]. Thus, in the present translational study in a pig model, we sought to compare the 

effects of ex-situ perfusion of the heart in hanging supported semi-anatomical position, in 

either working mode (WM), or non-working mode (NWM) on myocardial functional and 

metabolic preservation. 

3.3. Material and methods 

3.3.1. Animals 

Twenty-four female domestic pigs (41-55 kg) were used as heart and blood donors. The 

institutional animal care committee of the University of Alberta approved the experimental 

protocol as compliant with the animal research ethics and Canadian Council on Animal 

Care Guidelines and federal and provincial regulations/legislation. 

3.3.2. Procurement and preparation of the heart 

The hearts were procured and prepared, as described in detail before [3, 16]. Briefly, an 

intramuscular dose of ketamine (20 mg/kg) and atropine (0.05 mg/kg) was injected as 

premedication. Orotracheal intubation was established, and general anesthesia was 

maintained with isoflurane (1-2%). The heart was exposed via a standard median 
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sternotomy. After intravenous delivery of heparin (1000 U/kg bolus) and Ringer’s lactate 

solution (1000 mL), 850 ml of whole blood was retrieved through a two-stage venous 

cannula placed into the right atrium and was used to prime the ESHP circuit. The pigs 

were then euthanized by exsanguination. After a cross-clamp was placed across the 

ascending aorta, the hearts were arrested with 500 ml of reverse 4:1 blood cardioplegia 

(modified Del Nido) and were excised, weighed, immediately mounted on the custom 

ESHP apparatus and perfused for 12 hours.   

3.3.3. Ex-situ heart perfusion, apparatus, perfusate, and data collection 

The hanging heart perfusion circuit was constructed using a membrane oxygenator (D 

905, LivaNova, LDN, UK), a venous reservoir, two centrifugal pumps (ROTAFLOW, 

MAQUET, CA, US), and an arterial line filter (LivaNova, LDN, UK). After cannulation of 

the LA, aorta (Ao), and pulmonary artery (PA), the heart was perfused in a hanging 

position in the open area of the reservoir, hanging from the Ao, La, PA cannula 

connections [3], (Figure 3.1A&B). 

The supporting heart perfusion circuit was constructed using two centrifugal pumps 

(ROTAFLOW, MAQUET, CA, US), an arterial line filter (LivaNova, LDN, UK), a 

membrane oxygenator (D 905, LivaNova, LDN, UK), and a custom-built organ chamber 

containing a silicone support membrane with integrated Ao, La, and Pa cannulas. The 

hearts were perfused in a semi-horizontal position on the supporting membrane in a 

slightly downward angle (~ 20°), [7], (Figures 3.1C&D).  

The ESHP apparatuses used here (in both hanging- and supported-perfusion groups) 

were equipped with a custom software program allowing consistent control of pump 

speed to achieve and maintain desired LA and Ao pressures, analyzing functional 
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parameters, and providing a visual evaluation of pressure waveforms [7]. Perfusion was 

initiated in a non-working (Langendorff) mode (NWM, LA pressure = 0 mmHg). The 

physiologic working mode (WM) was achieved by increasing the LAP to 6 mmHg. 

Whole blood from the donor animal was mixed with modified Krebs-Henseleit buffer 

containing 8% albumin (1:1) to achieve 1700 mL of circulating perfusate [3, 16]. The 

perfusate was infused with glucose (0.5-1gram/hour), insulin (2 units/hour), and 

dobutamine (4 micrograms/minute) during ESHP. A pH of 7.35-7.45, partial pressure of 

arterial oxygen (paO2) of 100-150 mmHg, and partial pressure of arterial carbon dioxide 

(paCO2) of 35-45 mmHg was maintained during the perfusion. The coronary sinus 

perfusate flow and La flow were measured using a tubing flow module and two flow 

meters (TS410, Transonic, NY, US) [7]. 

At T0, (start of perfusion), T5, and T11 perfusate samples were collected from the aortic 

root and were stored in -80 ̊C for further analysis. Blood gas analysis was performed 

regularly, including at T1, T5, and T11 on the perfusate samples collected from Ao root, 

and venous line (PA), (ABL 800 blood gas analyzer, Radiometer, ON, CA).  

3.3.4. Experimental groups 

ESHP was initiated in the non-working mode (NWM) in all groups. The heart and the 

perfusate were warmed from room temperature to 38 °C gradually over 60-minutes. The 

hearts were paced with atrial wires at 100 beats/minute during the perfusion. 

3.3.4.1. Hanging, working mode perfusion group (WM-H) (n = 6) 

The hearts were perfused in a suspended position (Figure 3.1A&B). After the initial 

perfusion in NWM, the hearts were transitioned into the working mode (WM) by increasing 
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left atrial perfusate flow to achieve a left atrial pressure (LAP) of 6 mmHg and were 

maintained in WM over the remainder of the 12-hour perfusion. 

3.3.4.2. Hanging heart non-working mode perfusion group (NWM-H) (n = 6) 

The hearts were perfused in a suspended position (Figure 3.1 A&B) and were maintained 

in the unloaded, NWM over the 12-hour preservation period except for the brief transitions 

into WM (LAP=6 mmHg) at T1 (1-hour of ex-situ perfusion, early perfusion) T5 (5-hours 

of ex-situ perfusion, mid-perfusion), and T11 (11-hours of ex-situ perfusion, late 

perfusion) to assess myocardial function and metabolism.  

3.3.4.3. Supported heart, working mode perfusion group (WM-S) (n = 6) 

The hearts were perfused in a semi-horizontal position with the myocardial mass 

supported by a silicone membrane (Figure 3.1C&D). After the initial NWM perfusion, the 

hearts were transitioned into WM by increasing LAP to 6 mmHg. WM perfusion was 

maintained over the remainder of the 12-hour perfusion. 

3.3.4.4. Supported heart non-working mode perfusion group (NWM-S) (n = 6) 

The hearts were perfused in a semi-horizontal position with the myocardial mass 

supported by a silicone membrane (Figure 3.1C&D) The hearts were perfused in an 

unloaded, NWM state over the 12-hour preservation period except for the brief transitions 

into WM (LAP=6 mmHg) at T1, T5, and T11 to assess myocardial function and 

metabolism.  

3.3.5. Assessment of myocardial functional parameters 

Myocardial function was evaluated at T1, T5, and T11 in a physiologic working mode 

(LAP=6 mmHg) in all the perfusion groups. The cardiac index (CI) (mL.minute-1.gram-1), 
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left ventricular (LV) maximum and minimum rates of pressure change (max dP/dt and min 

dP/dt), and LV stroke work (LVSW) were calculated as described before [3]. To assess 

the preservation of myocardial function in experimental groups, the relative values of the 

parameters at T5 and T11 (compared to baseline values assessed at T1) were calculated 

and compared between the experimental groups. Since unlike the hanging-perfused 

hearts, the LV filling is not facilitated by the force of gravity, the functional potential of 

these hearts was also assessed during a gradual increase of the LAP from 6 mmHg to 

12 mmHg.  

3.3.6. Assessment of myocardial metabolism 

Myocardial oxygen consumption (MVO2) was measured as described previously [3].  

Venoarterial lactate difference was calculated using the arterial and venous perfusate 

lactate concentrations measured with blood gas analysis (ABL 800 blood gas analyzer, 

Radiometer, ON, CA).  

3.3.7. Functional recovery with energy substrate supplementation  

After the late perfusion assessment (at T11), we assessed the potential 

recovery/improvement of the myocardial function with administration of exogenous 

pyruvate (the end product of glycolysis pathway, energy substrate) in the perfusate to 

achieve a pyruvate concentration of 5 mmol/L  (Fisher Scientific, AB, CA) [3]. Myocardial 

function was assessed after the addition of the pyruvate, upon the effect reaching a 

plateau.  
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3.3.8. Myocardial injury 

3.3.8.1. Myocardial edema 

The weight gained by the heart over the 12-hour ESHP (edema formation) was measured 

and reported as a percentage of initial heart weight as described previously [3, 4]. 

3.3.8.2. Troponin-I 

The perfusate concentration of cardiac troponin-I (adjusted with heart weight) was 

determined at T1, T5, and T11 using a porcine ELISA Kit (Life Diagnostics, US). 

3.3.8.3. Histological changes 

Histologic sections (6 µm thick) of the OCT-embedded myocardial tissue samples 

collected from the anterolateral wall of the LV in ex-situ perfused, and in-vivo hearts were 

stained with hematoxylin and eosin (H & E). All the histological assessments were 

performed by a single investigator (CS) who was blinded to the groups. Each slide was 

covered, and no labeling was associated with the slide at the time of the evaluation. The 

cardiomyocyte characteristics (nuclear number, size, area) was assessed using an 

operator-interactive, semi-automated method for quantification of the fiber data as 

previously reported [18-22]. This method is at least equivalent to Cavalieri stereology [23, 

24] with minimal differences but harbors more accuracy than the Cavalieri stereology. 

The parameters measured in the H & E-stained sections of LV were the variation of area, 

perimeter, and width of the nuclei as well as the variation of their angle, circularity, the 

Feret diameter (as the longest distance between any two points along the selection 

boundary), skewness, and kurtosis.  
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3.3.9. Statistical analysis 

The normally- distributed data (assessed with the Shapiro-Wilk test and evaluation of the 

histogram plot of the data distributions) were reported as the mean ± the standard error 

of the mean. The non-normally- distributed continuous data were transformed to normality 

using the “two-step transformation to normality” as described before [25] and were 

reported as median [Interquartile Range (IQR)]. The data were compared between the 

groups using the independent samples t-test, or the analysis of variance (one way-

ANOVA), followed by the Fisher’s Least Significant Difference (LSD) or Games-Howell 

post hoc tests where appropriate. The Welch correction was applied when the assumption 

of equal variances was not met. The overtime trend of changes within each group was 

assessed using a linear regression model. A 2-sided p-value < 0.05 was considered 

statistically significant. The analysis was performed with the IBM SPSS statistics software 

(Version 21.0).  

 

3.4. Results 

There was no statistically meaningful differences in heart weight, defibrillation 

requirements for reanimation, and the main perfusate characteristics between 

experimental groups (Supplementary Table s3.1). Overall, the total ischemic time was 

significantly higher in supported-perfused (S) compared to hanging-perfused (H) hearts 

(S: 19.33±1.38, H: 5.5±0.45 min, p<0.001). Mounting the heart on the apparatus takes 

longer in the setting of supported perfusion system, due to its requirement for different 

adjustments for attachment of the La cannula, and more detailed de-airing of chambers 

in the lying position, before the reestablishment of the aortic perfusion. There was no 
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significant difference in ischemic time between WM and NWM in each perfusion position 

(WM-S: 19.66±1.76, NWM-S: 19.00±2.29 min, p=0.995 and WM-H: 5.83±0.87, NWM-H: 

5.16±0.30 min, p=0.886). 

3.4.1. Myocardial functional parameters 

The cardiac index (CI), left ventricular stroke work (SW), ventricular maximum rate of 

pressure change (dp/dt maximum), and minimum rate of pressure change (dp/dt 

minimum) values were all significantly higher in hanging-perfused hearts at baseline (T1, 

1 hour after starting of the perfusion, early perfusion) compared to supported-perfused 

hearts regardless of the perfusion mode. However, over the 12-hour perfusion CI did not 

change significantly in the WM-S (p=0.506), while it significantly declined in NWM-S 

(p=0.028), WM-H (p=0.002), and NWM-H (p<0.001). The LVSW did not change in the 

WM-S (p=0.831) but significantly decreased in NWM-S (p=0.008), and both WM-H 

(p<0.001), and NWM-H (p<0.001), (Table 3.1), (Figure 3.2A&B). 

While ventricular dp/dt maximum improved over perfusion time in WM-S (p=0.026), it did 

not change in NWM-S (p=0.937). However, it significantly declined in both WM-H 

(p<0.001) and NWM-H (p<0.001). The ventricular dp/dt minimum, did not change in the 

WM-S group (p=0.366), but it significantly declined in NWM-S (p=0.003), in WM-H 

(p<0.001), and in NWM-H (p<0.001), (Table 3.1), (Figure 3.2C&D).  

Gradual increasing of the left atrial pressure (LAP) from 6 mmHg to 12 mmHg in the 

supported-perfused hearts, lead to a significant improvement in CI in WM-S at all the 

assessment time points, (T1: p<0.001, T5 (5 hours after starting of the perfusion, mid-

perfusion: p=0.001, and T11 (11 hours after starting of the perfusion, late perfusion: 

p=0.011). In the NWM-S hearts, increasing LAP lead to improvement of CI at baseline 
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(T1: p=0.012), but it did not affect CI significantly at T5 (T5: p=0.062), and T11 (T11: 

p=0.384), (Figure 3.2E). 

At both T5 (mid-perfusion) and T11 (late perfusion), the relative (preserved) CI was 

significantly higher in WM-S compared NWM-S (T5: p=0.009 and T11: p=0.001), WM-H 

(T5: p=0.009 and T11: p<0.001), and NWM-H (T5: p<0.001 and T11: p<0.001). At T5, 

relative SW was similar between WM-S and NWM-S (p=0.053), and it was significantly 

higher in WM-S compared to WM-H (p=0.002) and NWM-H (p<0.001).  At T11, the 

relative SW was higher in WM-S compared to NWM-S (p=0.004), WM-H (p<0.001), and 

NWM-H (p<0.001), (Table 3.2), (Figure 3.3A&B). 

The relative max dp/dt at T5 was significantly higher in WM-S compared to WM-H 

(p=0.002) and NWM-H (p<0.001). The relative max dp/dt at T5 was similar between the 

WM-S and NWM-S (p=0.994). At T11 the relative max dp/dt was significantly higher in 

WM-S WM-H (p<0.001), and NWM-H (p<0.001) however, it was similar between WM-S 

and NWM-S (p=0.058). At T5 the relative min dp/dt, while similar between WM-S and 

NWM-S (p= 0.077), was significantly better in WM-S compared to WM-H (p=0.030), and 

NWM-H (p<0.001). At T11, the relative min dp/dt was significantly higher in WM-S 

compared to NWM-S (p=0.027), WM-H (p<0.001), and NWM-sups (p<0.001), (Table 3.2), 

(Figure 3.3C&D). 

3.4.2. Myocardial metabolism 

The myocardial oxygen consumption (MVO2) did not change during perfusion in WM-S 

(T1: 3.55±0.25, T5: 3.03±0.19, T11: 2.97±0.45 mL.min-1.100g-1, p=0.212), however, it 

significantly decreased in NWM-S (T1: 3.73±0.38, T5: 2.53±0.23, T11: 2.66±0.36 mL.min-

1.100g-1, p=0.047), WM-H (T1: 6.80±1.02, T5: 4.77±0.20, T11: 2.93±0.52, mL.min-1.100g-
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1, p=0.001), and NWM-H (T1: 7.08±0.84, T5: 4.47±0.82, T11: 2.22±0.72, mL.min-1.100g-

1, p<0.001), (Figure 3.4 A).  

During the whole perfusion time, the arterial and venous lactate were <5 mmol/L in all the 

cases except in one case (NWM-H, T11 venous, and arterial lactate) (Figure 3.4B). The 

veno-arterial lactate difference did not change significantly during the perfusion in either 

of the perfusion groups (WM-S: p=0.074, NWM-S: p=0.799, WM-H: p=0.505 and NWM-

H: p=0.331) and was not different between the groups at any time point (T1: p=0.249, T5: 

p=0.388, and T11: p=0.079). 

3.4.3. Functional recovery with energy substrate supplementation  

After T11, the addition of pyruvate to the perfusate solution led to a significant 

improvement of the myocardial performance compared in all the perfusion groups (WM-

S p=0.041, NWM-S p=0.007, WM-H p=0.012, NWM-H p=0.026). There was no significant 

difference in the time to reach the peak of the effect (data not shown) and duration of the 

effect (WM-S: 69.50±4.26, NWM-S: 74.83±3.31, WM-H: 69.83±4.41, NWM-H: 

77.83±5.21 min, p=0.477). When compared to baseline (T1) functional status, the 

functional recovery was partial in both of the hanging-perfused groups, and post-pyruvate 

absolute CI was still significantly lower than baseline (T1) values (WM-H: CI T1: 15.85 

[13.13,20.99], CI post-pyruvate: 9.31 [8.51,12.70] mL.min-1.g-1, p= 0.016, versus NWM-

H: CI T1: 16.68 [12.58,20.00] versus CI post-pyruvate: 3.95 [1.87, 7.04] mL.min-1.g-1, 

p=0.003). By contrast, in the NWM-S group, pyruvate supplementation lead to a 

statistically complete recovery (NWM-S: CI T1:  5.54 [4.69,6.47] mL.min-1.g-1 versus CI 

post-pyruvate: 5.28 [3.75,6.07] mL.min-1.g-1, p=0.172). As outlined above, the WM-S had 
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not developed a significant functional decline before the pyruvate supplementation either 

(Figure 3.5A). 

When assessing the relative CI after pyruvate supplementation, it was still significantly 

higher in WM-S compared to NWM-S (WM-S: 112.06 [100.27,126.61]% versus NWM-S: 

84.31 [74.65,92.89]%, p=0.002), WM-H (WM-S: 112.06 [100.27,126.61]% versus WM-H: 

61.44 [50.16,69.03]%, p<0.001), and NWM-H (WM-S: 112.06 [100.27,126.61]% versus 

p<0.001). The post-pyruvate relative CI in NWM-S group was also significantly higher 

compared to the hanging-perfused experimental groups [WM-H (p=0.004) and NWM-H 

(p<0.001)], (Figure 3.5B).  

3.4.4 Myocardial injury 

3.4.4.1. Myocardial edema 

Hearts in all the perfusion groups developed edema during ESHP as evidenced by an 

increase in heart weight (WM-S p=0.048, NWM-S p=0.001, WM=H p=0.004, and NWM-

H p<0.001). There was no statistically significant difference in myocardial edema (weight 

gain percentage) between the experimental groups (WM-S: 13.74±5.13%, NWM-S: 

25.33±3.31%, WM-H: 18.61±4.31, and NWM-H: 26.56±2.96%, p=0.117), and neither 

between the supported- and hanging-perfused hearts (S: 19.54%, H: 22.58%, p=0.494), 

(Figure 3.6A). 

3.4.4.2. Cardiac Troponin-I  

Cardiac troponin-I (cTn-I) values significantly increased in the perfusate throughout ESHP 

in all the perfusion groups (WM-S p<0.001, NWM-S p<0.001, WM-H p<0.001, and NWM-

H p<0.001). At T0, the perfusate cTn-I was not significantly different between supported- 

and hanging-perfused groups (p=0.796). At T5, overall cTn-I was significantly lower in 
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supported-perfused compared to hanging-perfused hearts (S: 2.34 [1.98,2.67], H: 13.60 

[5.25,22.92] ng/mL, p<0.001). The T5 cTn-I was similar between WM-S and NWM-S 

(WM: 2.18±0.23, NWM: 2.29±0.19 ng/mL, p=0.526) however, it was significantly higher 

in NWM compared to WM in hanging-perfused hearts (WM-H: 5.50 [4.75,8.52] ng/mL, 

NWM-H: 22.57 [18.74,24.02] ng/mL, p=0 .007). Similarly, at T11 the cTn-I values were 

significantly lower in supported-perfused hearts (S: 11.16 [7.75,16.78] ng/mL, H: 20.53 

[16.30,23.36] ng/mL, p=0.001) and the values were similar between sopported-perfused 

WM and NWM (ng/mL WM-S: 10.75 [9.25,15.50], NWM-S: 13.72 [5.52,18.86], p=0.595). 

In the hanging-perfused hearts cTn-I at T11 was significantly lower in WM compared to 

NWM (WM-H: 17.00 [15.30,24.62] ng/mL7, NWM-H: 21.86 [19.02,25.17] ng/mL, 

p=0.047), (Figure 3.6B). 

3.4.4.3. Histological changes 

On Hematoxylin and eosin (H&E) staining, we found often a hypereosinophilia of the 

myocardial fibers in the NWM-H group (evident in the color histogram in Figure 3.6C). 

However, after skeletonization of the single images using the NIH-based Image-J 

platform, the morphologic characteristics of the nuclei of the myocardial fibers were not 

significantly different between the perfusion groups, or between the ex-situ perfused 

hearts and in-vivo controls (nuclear count: p=0.639, nuclear size: p=0.613, completive 

area of nuclei: p=0.615, circularity of nuclei: p=0.164, solidity: p=0.051, and Feret 

diameter: p=0.507) showing neither pyknosis nor karyorrhexis (Figure 3.6C). Wavy fibers 

were not clear-cut encountered, and apoptosis characterized by the detachment of 

scattered cardiomyocytes from neighboring cells with the formation of round-ovoidal 

eosinophilic globules was not seen either. Cardiomyocyte hypereosinophilia was 
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characterized by cardiomyocyte cytoplasm with a homogeneous appearance, which was 

associated with an increase in the intensity of eosin staining. Coagulative necrosis was 

not detected. 

3.5. Discussion 

To date, experimental studies reported that the function of the heart gradually declines 

during perfusion despite the potential and proven advantages of ESHP [3, 4]. Despite the 

considerable variability in methods and devices for ESHP, [5-13], a consistent attribute 

across these platforms is the hanging position of the heart, bearing its own empty/full 

weight in a considerably different status compared to its in-vivo, supported position in the 

mediastinum [17]. Similarly, the heart is also perfused in a semi-hanging state in the OCS 

device for clinical ESHP (not FDA approved yet), that only operates in empty beating non-

working mode [1, 26].  

To our knowledge, this is the first time that the effects of heart position during ESHP on 

the function and viability of the heart have been investigated. In the present study, the 

baseline functional parameters in the hanging-perfused hearts showed significantly 

higher values compared to the supported-perfused hearts. However, while hanging-

perfused hearts experienced a significant and considerable functional decline during 12-

hours of ESHP, the supported-perfused hearts preserved their function significantly 

better, with the WM-S group showing the best maintained functional status during the 

perfusion. The high values of baseline functional parameters in the hanging-perfused, 

compared to the supported hearts, can be explained by the increased acceleration due 

to gravity during early ventricular diastole. It is known that during ventricular systole, there 
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is compression of the extracellular matrix (series elastic component), which then recoils 

during early diastole, facilitating ventricular filling [27]. 

It was routinely observed that the unconstrained, hanging heart has considerable vertical, 

horizontal, and torsional movement throughout the cardiac cycle. This situation, without 

the support of pericardium and diaphragm, may induce augmented ventricular filling 

(preload), resulting in greater end-diastolic volume and, therefore overall higher cardiac 

output at baseline. However, this additional workload may lead to myocardial tissue stress 

and injury with subsequent inefficient contractile force generation (Starling forces) over 

time [28, 29]. Thus, it may play an essential role in tissue injury and the functional decline 

of these hearts.  

The cardiac troponin-I values in the perfusate significantly increased throughout the 

ESHP regardless of the position of the heart (supported or hanging), and perfusion mode 

(WM or NW). The elevated concentration of troponin-I in the perfusate, generally 

attributed to myocyte necrosis, may be related to ischemia-reperfusion injury, surgical 

trauma, and possible mechanical trauma during ESHP, particularly in the non-anatomical 

hanging ESHP. Here, the perfusate troponin-I levels were significantly higher in hanging-

perfused hearts compared to supported-perfused ones, despite enduring significantly 

shorter ischemic time. On the other hand, troponin-I also rose significantly overtime in the 

supported-perfused hearts, even in the WM-S group that showed excellent preservation 

of function during 12 hours of ESHP. Although longer ischemic times in supported-

perfused hearts may have played a role in troponin-I secretion, the endured ischemic time 

in the supported groups was still shorter than the ischemic times typically seen in clinical 

practice and it was in a range considered highly tolerable by the heart [15]. It has been 
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demonstrated previously that the elevated troponin-I may not reflect the ultimate cell 

death, as it can be released from the cell as a response to reversible cell stress/damage 

[3, 30, 31]. These findings, although questioning the value of perfusate troponin-I levels 

as a tool for predicting the functional and vital status of the heart during ESHP in general, 

still suggest that the hanging-perfused heart undergo more significant mechanical stress 

during ESHP than the supported-perfused hearts, possibly due to the non-anatomical, 

weight-bearing condition of the heart during perfusion in this setting. 

In accordance with our previous observations, here we have shown that hearts perfused 

in a loaded beating state enjoy better preservation of function compared to the empty 

beating hearts over 12-hours of ESHP.  Interestingly, a gradual increase in LAP in 

supported-perfused hearts also led to a significant enhancement of myocardial 

performance in WM-S group at all the assessment time points, demonstrating that 

maximal cardiac output is not required to optimally preserve the function when the heart 

is kept full and beating. However, the NWM-S hearts did not show a significant 

improvement of the myocardial performance in response to increased LAP, except early 

during the perfusion (T1). Thus, similar to our previous observations [3, 32] the present 

study also strongly suggests that ESHP in WM not only permits functional assessment of 

the heart, it may hold protective effects on the functional viability of the heart during ESHP 

as well. The mechanism underlying this phenomenon is not yet known but is under 

investigation by our group.  

Our findings may also introduce an avenue for improvement of clinical ESHP protocols 

as the currently available clinical ESHP device (not yet FDA-approved) can only perfuse 

the heart in the NWM. Assessment of the donor's heart on this platform relies on the 
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metabolic findings (lactate concentration in particular) however, it has been shown by our 

group and others that lactate values do not highly correlate with the functional status of 

the heart during ESHP, and after transplantation [2, 33, 34]. Similarly, in the present study, 

despite the significant difference in the functional preservation between the experimental 

groups during and at the end of ESHP, the venous lactate was <5 mmol/L in all of the 

cases except one. The veno-arterial lactate values were also similar in all the groups 

despite significant functional differences, suggesting that functional alongside metabolic 

assessment is optimal.  

All the experimental groups here showed improved cardiac performance upon 

supplementation of pyruvate even though the WM-S had not manifested any statistical 

change in the functional parameters during ESHP. As we have shown in our previous 

work, the metabolic reserve/performance of the ex-situ perfused hearts may decrease 

during perfusion, and supplementation of pyruvate at supra-physiologic concentrations 

can at least partially rescue the functional decline occurring during ESHP [3]. While the 

recovery of function was partial in both of the hanging-perfused groups, it was statistically 

completed in the NWM-S group. The WM-S group showed a significant improvement of 

function in comparison to the baseline (T1) suggesting that perfusion in a supported 

position and in WM can lead to a superior preservation of metabolic and functional 

potential of the heart during ESHP. 

In this study, the diastolic function (assessed with min dp/dt), while did not change 

significantly in WM-S group, declined in the remainder of the experimental groups. In 

contrast, edema formation was not statistically different between the groups. This 

observation suggests that the general extracorporeal-related factors such as activation of 
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inflammatory responses, may play a key role in the development of myocardial edema 

during ESHP [32] and that additional factors other than edema contribute to diastolic 

dysfunction. Interestingly, despite the changes observed in functional status, perfusate 

cTn-I, and edema, we did not detect any significant histological changes compared to in-

vivo in either of the perfusion groups. This is also in accordance with the previous reports 

by our team, suggesting that the functional deterioration of the heart during ESHP cannot 

be explained by tissue injury and cell death [3, 35]. Based on the current data set, we 

conclude that the perfusion-related stressors, including mechanical stress, may 

negatively affect the mechanics of the perfusion and preservation of myocardial integrity 

and performance. The unnatural mechanics of the hanging heart may not only mislead 

the functional evaluation of the donated heart during ESHP, but it may contribute to tissue 

injury that may also affect early/late post-transplantation outcomes. More studies are 

warranted to clarify and address these issues for improving ESHP methods and protocols. 

3.6. Study limitations 

In general, in the present study, the ischemic times in all groups were shorter than the 

usual ischemic times in current clinical practice, since our main goal here was to 

investigate the effects of different positions during ESHP on myocardial function. Thus, 

we avoided longer ischemic times and severe ischemia-reperfusion injury prior to the 

initiation of ESHP. Mounting the heart on the supported-perfused apparatus takes a 

longer time compared to the hanging-perfused hearts, as cannulation of the supported-

perfused heart requires more surgical manipulation before the reestablishment of the 

aortic perfusion (including adjustment of LA cannula, and de-airing  the chambers). This 
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lead to longer ischemic times in supported- compared to hanging-perfused hearts; 

however, it was still in the ranges considered highly tolerable by the heart.  

 

3.7. Conclusion 

Ex-situ perfusion of the heart in a semi-anatomical, supported position is associated with 

higher functional preservation and better recovery in response to metabolic assistance 

when compared to a hanging-perfused position. Regardless of the perfusion position, 

ESHP in the physiologic WM is associated with better systolic and diastolic functional 

preservation of the heart. Addition of WM modality to the clinical ESHP device may 

represent an avenue to improve both assessment conditions, and cardio-preservation 

during ESHP, and may help to achieve longer safe preservation times. 
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3.11. Tables and figures: 

 

Table 3.1. Left ventricular function during ex-situ heart perfusion in experimental groups 

Parameter  WM-S NWM-S WM-H NWM-H  

 

CI 

mL.min-1. g-

1 

T1 

T5 

T11 

p-value 

4.63 [4.48,6.09] 

  4.19 [3.94,6.09] 

  4.40 [4.07,6.12] 

0.506 

5.54 [4.69,6.47] 

3.59 [3.10,5.10] 

3.68 [1.37,4.48] 

0.028 

15.87 [13.13,20.99] 

12.35 [9.07,15.35] 

6.37 [4.00,7.50] 

0.002 

16.68 

[12.58,20.00] 

5.77 [4.35,7.71] 

1.08 [0.18, 4.02] 

<0.001 

 

 

SW 

mmHg.mL 

T1 

T5 

T11 

p-value 

768 [635,1406] 

836 [661,1207] 

882 [638,1295] 

0.831 

802 [680,1196] 

604 [461,861] 

339 [198,662] 

0.008 

4896 [4059,5530] 

2735 [1331,3621] 

1102 [518,1744] 

<0.001 

4725 [2504,6703] 

880 [537,1810] 

256 [0.75,622] 

<0.001 

 

 

max dp/dt 

mmHg.s-1 

 

T1 

T5 

T11 

p-value 

1084 [819,1304] 

1285 [1156,1359] 

1342 [1147,1492] 

0.026 

1085 [1042,1203] 

1190 [1033,1512] 

1111 [893,1347] 

0.937 

3046 [2450,3555] 

1948 [1707,2088] 

1709 [1428,1928] 

<0.001 

3441 [2504,5052] 

2079 [952,2922] 

798 [155,1548] 

<0.001 

 

 

min dp/dt 

mmHg.s-1 

 

T1 

T5 

T11 

p-value 

-992 [-702,-1072] 

 -816 [-753,-988] 

-767 [-700,-1070] 

0.366 

-1090 [-953,-

1176] 

-798 [-655,-1000] 

-634 [-515,-975] 

0.003 

-2659 [-2511,-2895] 

-1783 [-1649,-2270] 

-1248 [-864,-1505] 

<0.001 

-3038 [-2031,-

3762] 

-1509 [-1125,-

1674] 

-828 [-353,-953] 

<0.001 

 

 

Data are presented as median [IQR]. CI, cardiac index; max dP/dT, maximum rate of 

pressure change; min dP/dT, minimum rate of pressure change; NWM-S, non-working 

mode perfusion in supported position; NWM-H, non-working mode perfusion in hanging 

position; SW, stroke work; T(x); x: hours after the start of the perfusion; WM-S, working 
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mode perfusion in supported position; WM-H, working mode perfusion in hanging 

position.  

Table 3.2. Left ventricular functional preservation during ex-situ heart perfusion 

preserved 
function 

group T5 T11 

CI  WM-S 89.17 [86.93,103.31] 94.77 [85.07,103.52] 

(%) NWM-S 67.49 [59.11,80.11] 62.80 [31.17,69.03] 

 WM-H 78.82 [51.51,86.66] 36.18 [22.87,51.86] 

 NWM-H 39.75 [28.17,45.77] 9.75 [1.00,21.55] 

 p-value <0.001 <0.001 

SW  WM-S 103.28 [76.71,139.52] 104.33 [90.49,134.79] 

(%) NWM-S 73.52 [52.99,78.40] 33.28 [26.98,64.04] 

 WM-H 51.29 [32.54,73.38] 22.31 [14.65,31.54] 

 NWM-H 30.38 [8.04,40.52] 9.47 [0,12.65] 

 p-value <0.001 <0.001 

dP/dT max  WM-S 110.66 [97.71,158.46] 115.40 [112.34,156.97] 

(%) NWM-S 108.41 [94.97,125.60] 98.63 [83.02,112.27] 

 WM-H 64.40 [45.42,93.15] 63.29 [38.04,74.37] 

 NWM-H 56.10 [34.56,70.91] 25.28 [6.15,38.35] 

 p-value <0.001 <0.001 

dP/dT min  WM-S 89.36 [82.99,114.63] 101.82 [71.00,107.50] 

(%) NWM-S 72.05 [68.90,80.53] 58.33 [47.56,87.01] 

 WM-H 70.81 [61.46,79.59] 47.98 [34.96,54.30] 

 NWM-H 44.67 [41.80,59.95] 28.32 [16.60,36.01] 
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 p-value <0.001 <0.001 

 

Data are presented as median [IQR]. CI, cardiac index; max dP/dT, maximum rate of 

pressure change; min dP/dT, minimum rate of pressure change; NWM-S, non-working 

mode perfusion in supported position; NWM-H, non-working mode perfusion in hanging 

position; SW, stroke work; T(x); x: hours after the start of the perfusion; WM-S, working 

mode perfusion in supported position; WM-H, working mode perfusion in hanging 

position.  
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Figures: 

Figure 3.1. Hanging versus supported ex-situ heart perfusion. A: Schematic diagram of 

the hanging ex-situ heart perfusion B: Pig heart perfused in hanging position C: 

Schematic diagram of the supported ex-situ heart perfusion D: Pig heart perfused in 

supported position 

A, organ chamber and Sorting silicone membrane; B, venous reservoir; C, arterial line 

filter; D, left atrial pump; E, Aortic pump; F, oxygenator; G, heat exchanger; H, medical 

gas mixer; I, infusion line; J, pressure sensor; K, Flow sensor; Ao, aorta; LA, left atrium; 

PA, pulmonary artery. 
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Figure 3.2. Myocardial functional parameters during ex-situ heart perfusion at the left 

atrial pressure of 6 mmHg (A-D), and cardiac index change over a gradual increase of 

the left atrial pressure from 6 to 12 mmHg in Sorted perfused hearts (E). 

Data are presented as median [IQR]. LAP; left atrial pressure, NWM-S; non-working 

mode perfusion in supported position, NWM-H; non-working mode perfusion in hanging 

position; WM-S, working mode perfusion in supported position; WM-H, working mode 

perfusion in hanging position, T(x); x: hours after the start of the perfusion, Ω; significant 

overtime change in WM-S, Ø; significant overtime change in NWM-S, ■; significant 

overtime change in WM-H; □; significant overtime change in NWM-H; Ω; significant 

increase over left atrial pressure change in WM-S, error bars: IQR 
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Figure 3.3. Preserved (relative to the baseline) myocardial functional parameters during 

ex-situ heart perfusion (A-D),  

Data are presented as median [IQR]. NWM-S; non-working mode perfusion in supported 

position, NWM-H; non-working mode perfusion in hanging position; WM-S, working mode 

perfusion in supported position; WM-H, working mode perfusion in hanging position, T(x); 

x: hours after the start of the perfusion, *; p- value<0.05, **; p-value<0.01, ***; p-

value<0.001, error bars: IQR 
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Figure 3.4. Metabolic parameters during ex-situ heart perfusion. A: myocardial oxygen 

consumption B: Venous lactate values during the whole duration of the perfusion 

Data are presented as median [IQR]. MVO2; myocardial oxygen consumption; NWM-S; 

non-working mode perfusion in supported position, NWM-H; non-working mode perfusion 

in hanging position; WM-S, working mode perfusion in supported position; WM-H, working 

mode perfusion in hanging position, T(x); x: hours after the start of the perfusion, Ø; 

significant overtime change in NWM-S, □; significant overtime change in NWM-H, ■; 

significant overtime change in WM-H; —, median venous lactate, error bars; SD  
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Figure 3.5. Absolute and relative cardiac index during the perfusion and after pyruvate 

supplementation  

Data are presented as median [IQR]. NWM-S; non-working mode perfusion in supported 

position, NWM-H; non-working mode perfusion in hanging position; post-pyruvate, after 

administration of pyruvate, WM-S, working mode perfusion in supported position; WM-H, 

working mode perfusion in hanging position, T(x); x: hours after the start of the perfusion, 

Ω; significant change after pyruvate supplementation in WM-S, Ø; significant change after 

pyruvate supplementation in NWM-S, ■; significant change after pyruvate 

supplementation in WM-H, □; significant change after pyruvate supplementation in NWM-

H, *; significantly different compared to other experimental groups, error bars; IQR 
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Figure 3.6. Myocardia tissue injury. Edema (A), perfusate cardiac troponin-I (B) , and 

histological evaluation (C) in ex-situ-perfused hearts. All microphotographs were stained 

with hematoxylin and eosin and taken at 100x magnification (Bar, 50 micrometers). 

Data are presented as mean±SD (A) or median [IQR], (B). n.s.; non-significant difference, 

NWM-S; non-working mode perfusion in supported position, NWM-H; non-working mode 

perfusion in hanging position; WM-S, working mode perfusion in supported position; WM-

H, working mode perfusion in hanging position, T(x); x: hours after the start of the 

perfusion, Ω; significant change after pyruvate supplementation in WM-S, Ø; significant 

change after pyruvate supplementation in NWM-S, ■; significant change after pyruvate 

supplementation in WM-H, □; significant change after pyruvate supplementation in NWM-

H, error bars; SD or IQR 
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3.12. Supplementary material 
 

Supplementary Table s3.1. Basic characteristics of perfusion and animal weight 

 

Perfusate 

characteristics WM-S NWM-S WM-H NWM-H p-value 

Na+ (mmol/L) 136.50±4.46 135.00±6.03 141.00±2.54 140.16±4.26 0.289 

K+ (mmol/L) 4.33±0.27 4.25±0.25 4.04±.36 3.98±0.17 0.118 

Ca2+ (mmol/L) 0.97±0.05 0.97±0.05 1.01±0.06 0.96±0.04 0.358 

pH 7.33±0.07 7.33±0.07 7.33±0.08 7.29±0.13 0.848 

Glucose (mmol/L) 6.78±0.44 6.90±0.54 7.46±0.51 7.30±0.23 0.064 

Hemoglobin (g/L) 43.83±2.48 43.40±5.17 39.80±2.58 45.00±5.17 0.224 

Heart Weight (g) 235.66±10.78 225.0±22.48 220.33±22.36 217.83±15.56 0.375 

Defibrillation  5 4 5 4 0.832 

Data are presented as mean±SD. NWM-S, non-working mode perfusion in supported 

position; NWM-H, non-working mode perfusion in hanging position; WM-S, working mode 

perfusion in supported position; WM-H, working mode perfusion in hanging position.  
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4.1. Abstract 

Background: Myocardial function declines in a time dependent fashion during ex-situ 

heart perfusion. Cell death and metabolic alterations may contribute to this phenomenon, 

limiting the safe perfusion period and the potential of ex-situ heart perfusion to expand 

the donor pool. Our aim is to investigate the etiology of myocardial functional decline in 

ex-situ perfused hearts. Methods: Cardiac function, apoptosis, effectors and markers of 

cell death, and metabolic function were assessed in healthy pig hearts, perfused for 12 

hours. These hearts were perfused either in non-working mode (NWM), or working mode 

(WM). Results: Cardiac function declined during ex-situ heart perfusion regardless of 

perfusion mode but was significantly better preserved in the hearts perfused in WM (11-

hour cardiac index / 1-hour cardiac index: WM=33 vs. NWM=10%, p=0.025). The rate of 

apoptosis was higher in the ex-situ perfused hearts compared to in vivo samples (% 

apoptotic cells: in vivo=0.13, WM=0.54, NWM=0.88%, p<0.001) but the absolute values 

were low and out of proportion to the decline in function in either group. Myocardial 

dysfunction at the end of the perfusion interval was partially rescued by delivery of a 

pyruvate bolus. Conclusions: Hearts preserved ex-situ experience a significant decline 

in myocardial function over time that is out of proportion to the magnitude of myocyte cell 

death present in dysfunctional hearts. Alterations in myocardial substrate utilization during 

prolonged ex-situ heart perfusion may contribute to this phenomenon, and represent an 

avenue to improve donor heart preservation.  
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4.2. Introduction 

The clinical standard for donor heart preservation is static cold storage (CS) [1], which 

exposes the organ to a period of cold ischemia that limits the safe preservation interval 

(4-6 hours) and increases the risk of primary graft dysfunction [2]. Ex-situ heart 

perfusion (ESHP) is a novel technique of extracorporeal organ perfusion that minimizes 

exposure to cold ischemia by providing oxygenated, nutrient-rich perfusate to the heart 

during preservation.  ESHP has been shown to be non-inferior to CS in the preservation 

of standard-criteria donor hearts [1] and has facilitated the clinical transplantation of 

hearts donated after circulatory death [3, 4].  

Experimental models of ESHP have demonstrated that myocardial function declines in a 

time-dependent fashion during normothermic perfusion [5] and the mechanisms 

responsible for this phenomenon have not been elucidated. Perfusate markers of 

myocyte injury increase during ESHP; however, the degree of myocardial dysfunction 

appears to be out of proportion to the severity of myocardial injury observed histologically 

[6]. Alternatively, the development of myocardial dysfunction during ESHP may have a 

metabolic origin. Current clinical protocols for ESHP rely on exogenous glucose as a 

metabolic substrate [1]; however, experimental data suggest that glucose may not 

participate efficiently in energy production in the ESHP setting [7, 8]. Overall, there is very 

little evidence regarding the optimal metabolic support for the beating heart during ESHP. 

Therefore, we sought to quantify the magnitude of cell death that occurs during prolonged 

ESHP and investigate alterations in myocardial energy metabolism that might contribute 

to the myocardial dysfunction developed during ESHP. 
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4.3. Material and Methods 

After approval of institutional animal care committee of the University of Alberta, hearts 

from 17 female domestic pigs were utilized in this study. Animals received humane care 

in compliance with the guidelines of the Canadian Council on Animal Care and the 

guide for the care and use of laboratory animals.  

 

4.3.1. Heart procurement and preparation: 

An intramascular dose of ketamine (20mg/kg) was injected as premedication then 

animals were intubated and mechanically ventilated with isoflurane (1-2%). After surgical 

plane was confirmed, a standard median sternotomy was performed and 6F catheters 

were placed into the internal jugular vein and common carotid artery to monitor central 

venous and aortic pressures respectively. 1000 U/kg of heparin was delivered 

intravenously. The animals were infused with 1000 mL of Lactated Ringer’s solution to 

facilitate the harvest of 1000 ml of whole blood to prime the ESHP circuit prior to 

exsanguination. After priming the circuit, a two-stage venous cannula was placed into 

right atrium and animal was exsanguinated (euthanized). The hearts were then excised 

and used either as in vivo controls (n=4), or were immediately mounted on the ESHP 

apparatus and perfused for 12 hours (n=13).  

4.3.2. Ex-situ heart perfusion and sample collection: 

The ESHP apparatus was constructed as described previously [9]. A membrane 

oxygenator (D 905, LivaNova, UK), venous reservoir, two centrifugal pumps 

(ROTAFLOW, MAQUET, US), and an arterial blood leukocyte filter (LeukoGuard LG, 

PALL Medical, US) were used to construct the ESHP circuit (Figure 4.1A). A custom-
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designed computer system was used here to control the pump speed to maintain the 

desired aortic diastolic pressure (40 mm Hg) and left atrial pressure. A  combination (1:1) 

of whole donor blood and STEEN solution (XVIVO Perfusion, Goteborg, Sweden) was 

used for the perfusate [9]. Glucose (1 grams/hour), insulin (2 units/hour), and epinephrine 

(0.04 micrograms/minute) were infused continuously. The coronary sinus blood flow and 

left atrial flow were measured using a TS410 Tubing Flow Module and two flow meters 

(Transonic, US). Perfusion was initiated in a Langendorff, non-working mode (NWM). The 

transition from an empty beating, non-working state (left atrial pressure = 0 mmHg) into a 

physiologic working mode (WM) was achieved by increasing the left atrial pump 

revolutions per minute to maintain desired left atrial pressure (6 mmHg). At hours 1 (T1), 

5 (T5), and 11 (T11) after the start of the perfusion, perfusate samples were collected 

from the aortic root and were stored in -80 ˚C. Also, blood gas analysis was performed 

on the perfusate samples collected from aortic root, and venous line (pulmonary artery), 

(ABL 800 blood gas analyser, Radiometer, US). At the end of ESHP, samples were taken 

from the anterolateral wall of the left ventricle and were snap frozen in liquid nitrogen and 

stored at -80˚C for later assessments. 

4.3.3. Experimental groups 

ESHP was initiated in the non working mode (NWM) with isolated aortic root perfusion. 

The perfusate was warmed from room temperature to 37˚C over a 30-minute period.  

4.3.3.1. Working mode (loaded) perfusion group (n=7) 

Hearts were transitioned to a working mode (WM), (left atrial pressure=6 mmHg), AAI 

paced at 100 beats/minute, and were maintained in a loaded state over the remainder of 

the preservation period (Figure 4.1B). 
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4.3.3.2. Non-working mode (unloaded) perfusion group (n=6) 

Hearts were maintained in an unloaded state over the 12-hour preservation period except 

for brief transitions into working mode to facilitate assessments of myocardial function 

and metabolism at T1, T5, and T11 (Figure 4.1B). 

4.3.3.3. In vivo group (n=4) 

Samples from normal in vivo porcine left ventricles were obtained to serve as normal 

heart control samples for subsequent analyses.  

 

4.3.4. Myocardial functional assessment 

Myocardial functional parameters were assessed at T1, T5, and T11 in a physiologic 

working mode (left atrial pressure=6 mmHg). The cardiac index (CI) was determined by 

measuring the blood flow through the left atrial line divided by the heart weight 

(mL/minute/gram). To assess maximum (dP/dt max) and minimum (dP/dt min) rates of 

pressure change in the left ventricle, a 5F pigtail catheter was placed in the left ventricle 

via the subclavian artery. 

Calculation of left ventricular SW: 

The SW (mmHg*ml) was calculated as the product of LV developed pressure (mmHg): 

{mean arterial pressure (mmHg) – left atrial pressure (mmHg)}, and SV (ml/beat): 

{cardiac output (ml/min)/heart rate (beats/min)}. 

Calculation of left ventricular preload recruitable stroke work (PRSW): 
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PRSW was assessed during a computer controlled linear reduction in left atrial pressure, 

during which the linear regression of left ventricular stroke work and left atrial pressure 

was performed.  

 

4.3.5. Cell death effectors and apoptosis  

The expression of cleaved caspase-3 as a downstream effector of apoptosis, CCAAT-

enhancer-binding protein homologous protein (CHOP) as the major effector of the 

endoplasmic reticulum (ER) stress-mediated apoptosis, and apoptosis-inducing factor 

(AIF) as a caspase-independent effector of apoptosis were assessed in the left ventricular 

(LV) tissue samples with western blot analysis and were compared between the ex-situ 

perfused hearts and in vivo samples. 

The number of apoptotic cells in the LV tissues was determined using the terminal 

deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay.  

 

4.3.6. Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end 

labeling (TUNEL) assay: 

DNA fragmentation was measured on 4% paraformaldehyde-fixed, and sectioned left 

ventricle (6 µm thickness) with a colorimetric apoptosis detection system (TUNEL assay) 

(Promega, US) according to the manufacturer's instructions. Slices were examined in a 

confocal microscope (Zeiss, LSM 710). Cells with condensed chromatin were imaged 

with a 40x objective with zoom of 1, in 25 distinct fields for each slice.  The extent of 

TUNEL was normalized to total nuclei count with 4, 6-diamidino-2-phenylindole (DAPI) 

staining (Molecular Probes, US) using ZEN software (Zeiss, DE).  
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4.3.7. Immunoblots: 

In vivo and samples obtained from the anterolateral wall of the left ventricle at the end of 

ESHP were lysed in cold RIPA buffer system  (Santa Cruz Biotechnology, US) containing 

protease and phosphatase inhibitors (Santa Cruz, US and Thermo Fischer, CA). Similar 

amounts of denatured protein samples were separated by SDS-PAGE and were 

transferred to polyvinylidene fluoride (PVDF) membrane (Millipore, US). Samples were 

blocked (1 hour at room temperature) in 5% bovine serum albumin (BSA) in Tris-buffered 

saline with 0.1% Tween (TBS-T), and the membranes were incubated overnight at 4˚ with 

primary antibodies targeting cleaved caspase-3 (Cell Signalling, US), apoptosis-inducing 

factor (AIF, Novus Biologicals, US), CCAAT-enhancer-binding protein homologous 

protein (CHOP ,Novus Biologicals, US), pyruvate kinase M1 (PKM1, Abcam, US), 

pyruvate kinase M2 (PKM2, Abcam, US), and phosphorylated pyruvate kinase M2 

(Tyr105) (p-PKM2, Cell Signalling, US) in 5% BSA in TBST.  TBS-T washed membranes 

were then probed with the appropriate horseradish peroxidase (HRP)-conjugated 

secondary anti-rabbit (BioRad, US) or anti-mouse (Cell Signalling, US) antibody for 

60 min at room temperature. Target proteins were visualized with peroxidase substrate 

for enhanced chemiluminescence (ECL) substrate (Pierce Biotechnology, USA) and 

4000MMpro imaging system (Carestream, US). Band densities were analyzed with 

Quantity One software (Bio-Rad, US) and normalized with β-tubulin as the loading control 

(Abcam, US). Caspase-3 and pyruvate kinase activity were assessed using a colorimetric 

and fluorometric assay kit respectively (Abcam, US, and Biovision, US), according to 

manufacturers’ instructions. The results were compared between ESHP groups and in 

vivo samples. 
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4.3.8. Metabolic assessment 

Non-esterified free fatty acid (FFA) and triglyceride (Tg) concentrations in the perfusate 

were assessed in T1, T5, and T11 perfusate samples using colorimetric assay kits (Wako, 

US). The enzymatic activity of pyruvate kinase (PK), the catalyzer of the final step of 

glycolysis, as well as the LV expression of PKM1 as the constitutively active adult isoform 

of PK, PKM2 as the fetal less active isoform, and its phosphorylated (Tyr105) inactivated 

form (p-PKM2) were assessed in the LV samples using a fluorometric assay (Biovision, 

US) and western blot analysis respectively. 

4.3.8.1. Calculation of glucose utilization: 

Glucose utilization between T1-T3 (hour-1 and hour-3 after the start of the perfusion, 

representing early perfusion), T5-T7 (hour-5 and hour-7 after the start of the perfusion, 

representing mid-perfuion), and T9-T11 (hour-9 and hour-11 after the start of the 

perfusion, representing late perfusion) was calculated using blood gas analysis (ABL 800 

blood gas analyser, Radiometer, US), as below:  

{the difference in the venous glucose concentrations between two consecutive 

assessment with two-hour interval (g/dl) + the amount of glucose delivered to the 

perfusate during the two-hour interval (g)} / 2 (h) 

4.3.8.2. Calculation of mechanical efficiency:  

Mechanical efficiency (ME) was calculated as follows: 

Left ventricular stroke work (joules/beat) / MVO2 (joules/beat) where 

Stroke work = {mean arterial pressure (mmHg) - left atrial pressure (mmHg)}* {left atrial 

flow (ml/min)/ heart rate (beats/min)}* 0.0001334 (joules/ml/mmHg), and 

MVO2 (joules/beat) = {MVO2 (ml/min)/heart rate (beats/min)}* 20 (joules/ml) 
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4.3.9. Tissue injury 

4.3.9.1. Troponin-I 

The concentration of cardiac troponin-I was determined in T1, T5, and T11 perfusate 

samples using a porcine ELISA Kit (Life Diagnostics, US). 

4.3.9.2. Myocardial edema 

The heart weight gain (edema formation) over the 12-hour ESHP was calculated as a 

percentage of initial heart weight as described previously [5].  

4.3.10. Pyruvate challenge 

The impact of exogenous pyruvate supplementation on myocardial function was 

assessed after T11 functional and metabolic assessments. Sodium pyruvate (Fisher 

Scientific, CA) was added to the perfusate solution to achieve a concentration of 5 

mmol/L. Assessments of myocardial function were undertaken when the cardiac output 

reached a plateau.  

4.3.11. Statistical analysis 

The normally distributed data are reported as mean ± standard error and compared using 

the paired t-test or analysis of variance. The non-normally distributed variables are 

reported as median and were compared using the Mann-Whitney U test. Data analysis 

was performed with the IBM SPSS statistics software (Ver. 21.0), and a 2-sided p-value 

<0.05 was considered statistically significant. 

4.4. Results 

There was no difference in donor animal weight or heart weight, donor organ ischemic 

time, defibrillation requirements for reanimation, and perfusion duration between the 
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experimental groups (Supplemental Table s4.1). Similarly, the perfusate characteristics 

were comparable between experimental groups (Supplemental Table s4.2) 

4.4.1. Myocardial function: 

Myocardial function declined significantly over time in both treatment groups (Table 4.1); 

however, WM hearts exhibited significantly better preservation of CI, SW, dP/dt max, 

dP/dt min, and ME, and a trend towards better preservation of PRSW (Table 4.2).  

4.4.2. Cell death effectors and apoptosis: 

While cleaved caspase-3 was significantly higher in NWM hearts compared to in vivo 

hearts (p=0.009), the difference was not significant between WM and in vivo hearts 

(p=0.108). CHOP (p= 0.11) and AIF (p=0.07) were comparable between in vivo, WM and 

NWM groups (Figure 4.2A-D).  

The percentage of TUNEL positive cells in myocardial tissue was higher in ex-situ 

perfused hearts compared to in vivo samples (in vivo=0.13±0.01, WM=0.54±0.05, 

NWM=0.88±0.15 %, p<0.001); however, the values were negligible (<1%) in both WM 

and NWM hearts. There was no significant difference in the percentage of apoptotic cells 

between WM and NWM hearts (Figure 4.3A-B). 

4.4.3. Metabolic parameters 

Coronary vascular resistance did not change over the 12-hour perfusion period in either 

of the two groups and was not different between WM and NWM groups (data not shown). 

MVO2 decreased significantly during ESHP in NWM group but not in WM hearts (WM: 

7.41 mL/min/100g±1.06 at T1 vs. 2.70 mL/min/100g±0.40 at T11, p=0.07 and NWM: 7.08 

mL/min/100g±0.84 at T1 vs. 2.22 mL/min/100g±0.72 at T11, p<0.001); however, MVO2 

was not significantly different between WM and NWM groups (Figure 4.4A). Venous 
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lactate concentration and arteriovenous lactate difference did not change significantly 

throughout the perfusion period and it was not different between WM and NWM hearts 

(Figure 4.4B).  

Glucose utilization increased during ESHP in both groups, compared to baseline values 

at T1-T3 (WM p=0.04, NWM p=0.04. Glucose utilization was not different between WM 

and NWM during early perfusion (T1-T3), but was significantly higher in WM hearts at 

later time points (Figure 4.4C). FFA concentration declined considerably overtime in both 

groups (WM p=0.009, NWM p=0.036) and perfusate concentrations were not different 

between WM and NWM hearts at any time point (Figure 4.5A). Tg concentrations in the 

perfusate did not change overtime in WM hearts (p= 0.662), but increased in NWM hearts 

(p=0.047). The perfusate Tg concentration was higher in NWM at T1 (WM=0.09±0.02 vs. 

NWM=0.20±0.03 mmol/L, p=0.032), T5 (WM=0.14±0.04, NWM=0.33±0.02 mmol/L, 

p=0.019) and T11 (WM=0.16±0.06, NWM=0.39±0.02 mmol/L, p=0.047) (Figure 4.5B). 

Despite the increase in the glucose utilization over time, PKM1 protein expression was 

significantly lower in WM hearts (p=0.001) and trended towards being lower in NWM 

hearts (p=0.073) when compared to in vivo samples. PKM1 was significantly higher in 

NWM compared to WM (p=0.013) hearts. PKM2 protein expression was significantly 

higher in WM and NWM hearts compared to in vivo samples (WM p<0.001, NWM 

p=0.015) and was higher in WM compared to NWM (p=0.009) hearts. Phosphorylated 

(inactive) PKM2 (p-PKM2) was significantly higher in WM and NWM hearts compared to 

in vivo samples (WM p<0.001, NWM p=0.008). The p-PKM2 was not different between 

WM and NWM (p=0.069) hearts (Figure 4.6A-D). The general enzymatic activity of PK 

was significantly lower in WM and NWM hearts compared to in vivo samples (in 
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vivo=2.56±0.09, WM=1.77±0.31, NWM=1.66±0.34 nmol/min/mL, p=0.001), while the 

pyruvate kinase activity was not different between WM and NWM hearts (Figure 4.7). 

4.4.4. Tissue injury: 

Hearts in both groups developed edema during ESHP; however, there was no difference 

between experimental groups (WM 19%±3.6, NWM 26%±2.9 weight gain, p=0.14). The 

concentration of troponin-I in the perfusate increased significantly overtime (WM p=0.026, 

NWM p<0.001), and was significantly higher in the NWM group at T5 (WM 12.70±3.03, 

NWM 31.96±0.92 ng/ml, p<0.001) and T11 (WM 19.45±4.38, NWM 32.84±1.77 ng/ml, 

p=0.022). 

4.4.5. Pyruvate challenge: 

The addition of pyruvate to the perfusate solution led to a significant improvement in 

myocardial function in both WM and NWM groups compared to T11 (Figure 4.8). There 

was no significant difference between the time to reach the peak of the effect between 

WM and NWM (data not shown), and duration of the effect between WM and NWM (WM 

54.85±3.88, NWM 58.33±3.51 minutes, p=0.52).   

4.5. Discussion 

The only normothermic ESHP apparatus available for clinical use supports the heart in 

NWM [1]. Consequently, evaluation of  the myocardial function is not possible and 

assessments of organ viability are based primarily on lactate profiles during organ 

perfusion. The limitations of this approach have been recently highlighted by Messer et 

al. [4], who demonstrated that up to one-third of DCD hearts deemed viable based on in 

vivo assessments of myocardial function during normothermic regional perfusion, 

exhibited lactate profiles that would have labeled the organ as non-viable [4, 10]. These 
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results highlight the need for an ESHP device capable of assessing myocardial function 

in a physiologic WM; however, little is known about the impact of prolonged ESHP on 

donor heart function. The current study highlights 2 important points regarding the 

preservation of donor heart function during prolonged ESHP: 1) myocardial function 

declines significantly during prolonged preservation, 2) the decline in myocardial function 

may partially be mitigated by preserving the heart in a WM and optimizing metabolic 

substrate provision.  

The myocardial functional decline during ESHP has been observed in previous studies 

[5]; however, the severity of myocyte necrosis and apoptosis that occur in this context 

have not been previously characterized. In this study, the proportion of TUNEL positive 

cells was significantly higher in the myocardium after 12 hours of ESHP compared to in 

vivo samples; however, the overall frequency of apoptotic cells was low (<1%) and out of 

proportion to the observed decline in myocardial function over time. We observed 

increased cleaved caspase-3 in NWM hearts and a trend for higher AIF in ex-situ perfused 

hearts compared to in vivo samples. Upregulation of these proteins has been shown to 

alter energy metabolism, induce NF-κB-regulated inflammation, and cause myocardial 

dysfunction independent of apoptosis induction [11, 12]. This may partially account for 

the decline in myocardial function over time and the difference in function observed 

between WM and NWM hearts; however, the mechanism leading to the increased level 

of cleaved caspase-3 requires further investigation.  

We also characterized the trend in troponin-I during ESHP, and observed an increase in 

the perfusate concentration over time. Although troponin levels are generally attributed to 

myocyte necrosis, recent evidence suggest that cardiomyocytes can develop blebs and 
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release cytoplasmic contents without undergoing necrosis during conditions of stress [13, 

14].  In the setting of ESHP, troponin-I release may at least partly result from donor heart 

handling during cardiectomy and cannulation, ischemia-reperfusion injury, the lack of 

renal clearance [14], and the inflammatory response during ESHP [15, 16]. However, 

perfusate troponin-I may also be used as a prognostic tool [17] as it was higher in NWM 

hearts which also showed a greater functional decline during ESHP. Delineating the 

clinical significance of troponin-I concentration during extended, closed extracorporeal 

perfusion is challenging and requires further study. 

Current clinical ESHP protocols preserve the heart in NWM; however, the data presented 

here suggest that perfusion in a loaded and working state provides superior preservation 

of myocardial function. The mechanisms by which perfusion in working mode leads to 

improved functional preservation requires further investigation. In our study, analogous 

to the clinical trials on ESHP, glucose and insulin were provided for metabolic support [1]. 

Interestingly, studies on ex-situ perfused rat hearts have shown that exogenous glucose 

minimally participates in energy-yielding metabolism compared to exogenous pyruvate. 

Further, very low rates of glycolysis have been observed in rat hearts perfused with 

widely-used clinical preservation solutions [7, 18]. Although the measured glucose 

consumption was predictably higher in the WM hearts, the increase in consumption over 

time could reflect utilization of other substrates that were present in the perfusate at the 

start of perfusion (FFAs and ketone bodies), with a transition to glucose utilization as 

these metabolites were depleted. This conclusion is supported by the rapid depletion of 

FFAs that was observed in the perfusate over time, despite steady perfusate Tg levels. 

This suggests that Tg hydrolysis and FFA provision during ESHP may be dysregulated, 
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which  may be related to the effect of insulin (delivered in a constant dose throughout the 

perfusion) downregulating lipoprotein lipase enzymatic activity [19]. Lipid metabolism has 

a crucial role in myocardial metabolic substrate provision and energy metabolism [20], 

and a shortage of FFAs may significantly impact the function of ex-situ perfused hearts. 

PK is the enzyme that catalyzes the final step of glycolysis converting 

phosphoenolpyruvate and adenosine diphosphate (ADP) to pyruvate and adenosine 

triphosphate (ATP). We observed that PK activity was lower in ex-situ perfused hearts 

compared to in vivo samples. Further, the expression of PKM1 (the constitutively active 

and predominant isoform of PK in the heart) was lower in WM hearts and had a trend 

toward being lower in NWM hearts compared to in vivo samples. Conversely, the 

expression of PKM2 (the fetal and less active isoform of PK), and its phosphorylated 

(inactive) form was higher in ex-situ perfused hearts compared to in vivo samples. While 

the role of PKM2 as a master regulator of cancer cell metabolism has been well 

documented, recent evidence suggests that a  switch from PKM1 to PKM2 may occur in 

non-neoplastic diseases such as muscular dystrophy and heart failure [21, 22]. This PK 

isoform switch and post-translational modification lead to a transition between glycolysis 

and accessory/anabolic pathways such as pentose phosphate and hexosamine 

biosynthesis pathways [23]. Such alterations may occur during  ESHP in response to 

inflammatory processes and oxidative stressors that are an inevitable consequence of 

extracorporeal circulation [16]. 

The significant recovery of function in WM and NWM hearts following the addition of a 

lower level metabolic intermediate (pyruvate) suggests that the PK isoform switch may 

be limiting glucose metabolism and contributing to the myocardial functional decline that 
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occurs during ESHP. Pyruvate is not usually considered as an important source of energy 

for myocardial tissue and its effect in vivo has been modest. This may be due to the 

availability of alternative substrates (FFAs, ketone bodies, etc.) in the in vivo setting [24, 

25]. Conversely, isolated myocardium and perfused hearts display a robust increase in 

function in response to pyruvate, a response that may be related to the reliance on 

glucose oxidation in an environment where FFAs and other substrates may be rapidly 

depleted. Overall, the partial functional recovery observed in response to pyruvate 

suggests that alterations in normal myocardial energy metabolism contribute to the 

decline in myocardial function that occurs during prolonged ESHP. Furthermore, these 

results suggest that a significant proportion of this functional decline is reversible, and 

provide an avenue to optimize donor heart preservation and maximize the potential for 

ESHP to expand the donor pool. 

4.6. Study limitations: 

The ischemic times in this study were negligible and do not reflect current clinical practice; 

however, our main goal which was to investigate ESHP-related alterations in myocardial 

function and metabolism that could have been impacted by ischemia-reperfusion injury. 

Therefore, we chose to not expose donor hearts tolonger ischemic times prior to initiation 

of ESHP. The ex-situ perfused hearts were not matched with in vivo LV samples from the 

same animal due to the negative effects of repeated needle-biopsies on myocardial 

function. Alternatively, we utilized a group of in vivo LV samples obtained from non-

ischemic, non-perfused control porcine hearts.  
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4.7. Conclusion 

Myocardial function declines significantly during prolonged ESHP, which limits the 

potential of this technology to expand the donor pool. This functional decline appears to 

be out of proportion to the severity of cell death and was partially reversible through 

optimization of metabolic substrate provision. Further research investigating the optimal 

metabolic support for the ex-situ perfused heart is warranted.   
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4.10. Tables and figures 

 

Table 4.1. Left ventricular function during ex-situ heart perfusion in working mode and 

non-working mode experimental groups 

   T5 T11 p-value 

CI (mL/min/g)  WM 17.40 (1.75) 11.48 (1.77) 5.39 (1.01)   0.008 

 NWM 16.36 (1.65) 6.12 (0.91) 1.66 (0.80)   0.005 

SW (mmHg*mL) WM 4444.53 (448.16) 2394.47 (531.19) 1012.46 (245.72) <0.001 

 NWM 4655.05 (784.93) 1111.28 (365.11) 303.41 (121.647)   0.017 

dP/dT max (mmHg/s) WM 2750.52 (341.91) 1871.49 (124.53) 1616.40 (131.77)   0.015 

 NWM 3722.80 (526) 2068.81 (476.08) 893.27 (353.81)   0.012 

Sys p (mmHg) WM 180.50 (9.83) 132.66 (8.32) 117.66 (7.80)   0.007 

 NWM 179.83 (16.28) 137.30 (12.87) 89.85 (10.23)   0.020 

ME (%) WM 14.90 (1.60) 13.2 (1.90) 15 (3.60)   0.155 

 NWM 15.20 (1.90) 6.3 (0) 3.90 (1.90)   0.056 

PRSW WM 702.09 (81.68) 357.04 (58.31) 197.81 (52.10) <0.001 

 NWM 729.72 (107.52) 255.13 (36.88) 89.29 (28.99)   0.011 

dP/dT min (mmHg/s) WM -2675.56 (81.59) -1940.53 (153.94) -1190.28 (126.51) <0.001 

 NWM -2923.68 (364.81)  -1423.50 (133.81) -693.16 (164.62)   0.020 

 

    CI, cardiac index; dP/dT max, maximum rate of pressure change; dP/dT min, minimum rate of 

pressure change; LV, left ventricle; ME, mechanical efficiency; mmHg/s, millimeter of mercury per 

seconds; ms, milliseconds; NWM, non-working mode perfusion; PRSW, preload recruitable stroke 

work; SW, stroke work; sys p, systolic pressure; T(x), x-hours after the start of the perfusion; WM, 

working mode perfusion. Values are presented as mean (standard error of the mean). 
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Table 4.2. Left ventricular function preservation over perfusion time, compared to 

baseline assessment at T1, compared between WM and NWM groups 

preserved function % (SE) group T5 T11 

CI  (%), mean  WM 66 (8) 33 (6) 

 NWM 38  (4) 10 (4) 

 p-value 0.013 0.025 

SW (%), mean  WM 51 (7) 21 (3) 

 NWM 26 (6) 7 (2) 

 p-value 0.035 0.010 

 dP/dT max (%), mean  WM 77 (12) 65 (8) 

 NWM 54 (8) 23 (7) 

 p-value 0.162 0.004 

 PRSW (%), mean  WM 59 (7) 26 (4) 

 NWM 32 (9) 14 (5) 

 p-value 0.299 0.114 

 ME (%), mean  WM 87 (6) 95 (18) 

 NWM 46 (7) 31 (14) 

 p-value 0.002 0.024 

dP/dT min (%) WM 73 (5) 44 (3) 

 NWM 51 (6) 26 (5) 

 p-value 0.033 0.020 

 

CI, cardiac index; dP/dT max, maximum rate of pressure change; dP/dT min, minimum 

rate of pressure change; LV, left ventricle; ME, mechanical efficiency; NWM, non-working 

mode perfusion; PRSW, preload recruitable stroke work; SE, standard error of the mean; 
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SW, stroke work; T(x), x-hours after the start of the perfusion; WM, working mode 

perfusion. Values are presented as mean (standard error of the mean). 
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Figure 4.1. Ex-situ heart perfusion system and protocol A: Diagram of the ex-situ heart 

perfusion circuit. B: Experimental protocol. 
 

 

T(x); x-hours after the start of the perfusion; A, venous reservoir; B, left atrial pump; C, 

Aortic pump; oxygenator/heat exchanger; D, oxygen/heat exchanger; E, medical gas 

mixer; F, leukocyte filter; G, Flow sensor; H, Pressure sensor; Ao, Aorta; LA, left atrium; 

PA, pulmonary artery. 

 



194 
 

Figure 4.2. Cell death effectors in the left ventricle tissue of in vivo and ex-situ perfused 

hearts. A: Immunoblotting of cell lysate prepared from LV samples, using the indicated 

antibodies. B: Cleaved caspase-3 in ESHP hearts compared to in vivo. C: 

Immunoblotted CHOP in ESHP hearts compared to in vivo. D: Immunoblotted AIF in 

ESHP hearts compared to in vivo.  

 

 

 

AIF, apoptosis inducing factor; CHOP, CCAAT-enhancer-binding protein homologous 

protein; INV, in vivo; n.s, no significant difference between the groups; NWM, non-working 

mode perfusion; WM, working mode perfusion 
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Figure 4.3. Apoptosis in the left ventricle tissue of in vivo and ex-situ perfused hearts. 

A: DNA fragmentation measured on left ventricle sections with TUNEL assay. The 

arrays are pointing to the TUNEL positive cells (40x magnification). B: The percentage 

of apoptotic cells in ESHP hearts compared to in vivo.  

 

DAPI, 4, 6-diamidino-2-phenylindole staining; INV, in vivo; n.s, no significant difference 

between the groups; NWM, non-working mode perfusion; TUNEL, terminal 

deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling; WM, working mode 

perfusion 
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Figure 4.4. Metabolic changes during ESHP A: MVO2 preservation during ESHP B: 

Arteriovenous lactate difference during ESHP C: Glucose utilization during ESHP  

 

MVO2, myocardial oxygen consumption; n.s: no significant difference between the 

groups; NWM, non-working mode perfusion; T(x); x-hours after the start of the 

perfusion; WM, working mode perfusion; #: significant change during perfusion in WM; 

: significant change during perfusion in NWM 
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Figure 4.5. Non-esterified fatty acid and triglyceride levels during ESHP A: FFA 

concentration in the perfusate during ESHP B: Tg concentration in the perfusate during 

ESHP 

 

FFA, free fatty acid; n.s: no significant difference between the groups; NWM, non-

working mode perfusion; Tg, triglyceride; T(x), x-hours after the start of the perfusion; 

WM, working mode perfusion; #, significant change during perfusion in WM; , 

significant change during perfusion in NWM 
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Figure 4.6. Pyruvate kinase isoform expression in ex-situ perfused hearts compared to 

in vivo.  

A: Immunoblotting of total cell lysate prepared from LV samples, using the indicated antibodies 

B: Expression of PKM1 in ESHP hearts compared to in vivo C: Expression of PKM2 in ESHP 

hearts compared to in vivo. D: Phosphorylated PKM2 in ESHP hearts compared to in vivo.  

 

 

INV, in vivo; n.s, no significant difference between the groups; NWM, non-working mode 

perfusion; PKM1, pyruvate kinase M1; PKM2, pyruvate kinase M2; p-PKM2, 

phosphorylated PKM2; WM, working mode perfusion 
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Figure 4.7. Pyruvate kinase enzymatic activity in ex-situ perfused hearts compared to in 

vivo.  

 

 

INV, in vivo; n.s, no significant difference between the groups; NWM, non-working mode 

perfusion; WM, working mode perfusion 
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Figure 4.8. Partial recovery of function in ex-situ perfused hearts with addition of 

pyruvate.  

The Y access represents the preserved cardiac index during perfusion (T5 and T11) and 

after addition of pyruvate, compared to baseline (T1). 

 

NWM, non-working mode perfusion; T(x); x: hours after the start of the perfusion;  

WM, working mode perfusion; #, significant Change compared to T11 assessment in WM;  

; significant change compared to T11 assessment in NWM 
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4.11. Supplementary material 

 

Supplementary Table s4.1. Basic characteristics of perfusion and animal weight 

 WM NWM p-value 

Animal Weight (kg) 42 (0.6) 43 (0.8) 0.72 

Heart Weight (g)                                                   168 (11.43) 175 (8.49) 0.47 

Ischemic time (min) 5.57 (0.61) 5.1 (0.30) 0.58 

Perfusion time  12.08 (0.04) 12.21 (0.05) 0.11 

Defibrillation (yes) 6 3 0.21 

 

NWM, non-working mode perfusion; WM, working mode perfusion 

The continuous values are presented as mean (standard error of the mean) 

 

Supplementary Table s4.2. Perfusate characteristics 

Perfusate characteristics      WM      NWM 

Na+ (mmol/L) 145.42 (1.36) 141.16 (2.92) 

Cl- (mmol/L) 114.42 (1.1) 109 (2.36) 

K+ (mmol/L) 3.71 (0.11) 4.08 (0.21) 

Ca2+ (mmol/L) 1.06 (0) 1.04 (0) 

pH 7.33 (02) 7.29 (05) 

Glucose (mmol/L) 10 (0.8) 8.5 (0.39) 

Hemoglobin (g/L) 37.14 (2.05) 43.33 (1.80) 

Osmotic Pressure (mOsmol/kg) 301.5 (3.86) 290.83 (6.01) 

 

NWM, non-working mode perfusion; WM, working mode perfusion 

The values are presented as mean (standard error of the mean) 
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5.1. Abstract: 

Aims: Ex-situ heart perfusion (ESHP) preserves the donated heart in a perfused, beating 

condition preventing cold storage-related ischemia, and provides a platform to evaluate 

myocardial viability during preservation. However, myocardial function declines gradually 

during ESHP. Extracorporeal circulation systems are associated with the induction of 

systemic inflammatory and stress responses. Our aim was to evaluate the incidence of 

inflammation and induction of endoplasmic reticulum (ER) stress responses during an 

extended period of ESHP. Methods: Cardiac function, myocardial tissue injury, markers 

of inflammation, oxidative stress, and ER stress were assessed in healthy pig hearts, 

perfused for 12 hours either in non-working mode (NWM, n=7), or working mode (WM, 

n=6). Results: Cardiac function declined during ESHP, but was significantly better 

preserved in the hearts perfused in WM (median 11-hour cardiac index / 1-hour cardiac 

index: WM= 27% vs. NWM= 9.5%, p=0.022). Myocardial markers of ER stress were 

expressed higher in ESHP hearts compared to in vivo samples. The pro-inflammatory 

cytokines and oxidized low-density lipoprotein significantly increased in the perfusate 

throughout the perfusion in both perfusion groups. The left ventricular expression of the 

cytokines and malondialdehyde was induced in NWM while it was not different between 

WM and in vivo. Conclusions: Myocardial function declines during ESHP regardless of 

perfusion mode. However, ESHP in WM may lead to superior preservation of myocardial 

function and viability. Both inflammation and ER stress responses are significantly 

induced during ESHP and may contribute to the myocardial functional decline, 

representing a potential therapeutic target to improve the clinical donor heart 

preservation.  
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5.2. Introduction 

Ex-situ heart perfusion (ESHP) is a novel technique of extracorporeal organ preservation 

that minimizes exposure of the donated heart to cold ischemia by providing oxygenated, 

nutrient-rich perfusion to the heart during preservation [1]. Besides being non-inferior to 

static cold storage for preservation of standard criteria donor hearts, ESHP has also 

facilitated the clinical transplantation of organs donated after circulatory death [2]. 

However, the gradual functional decline of the heart during ESHP has limited the potential 

of this technology to further expand the donor pool [3], and existing data about the effects 

of extracorporeal circuits and extended perfusion on myocardial function and viability is 

limited.  

Extracorporeal circulation systems (e.g., cardiopulmonary bypass and extracorporeal 

membrane oxygenation) are known to induce oxidative stress and a systemic 

inflammatory response (SIRS) which negatively impact patient outcomes [4]. Activation 

of the innate immune system, the elevation of circulating pro-inflammatory cytokines and 

oxidative stress are associated with mitochondrial dysfunction and cardiomyocyte 

damage/death leading to myocardial dysfunction [5, 6]. 

Inflammation can trigger several signaling pathways, including endoplasmic reticulum 

(ER) stress pathways [7]. The ER is responsible for various vital cellular processes, 

including protein folding, post-translational modification, and Ca2+ homeostasis. 

Pathophysiologic stress conditions such as inflammation can disturb ER homeostasis and 

induce unfolded protein responses (UPR) via activation of three adaptive signaling 

pathways; protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), activating 

transcription factor 6 (ATF6), and Inositol-requiring enzyme-1 (IRE-1) pathways  [8]. ER 
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stress and UPR, although essential for cell viability, if severe and prolonged, may lead to 

irreversible cell damage and death [9, 10]. In this study, we have assessed inflammatory, 

oxidative, and ER stress responses occurring during extended ex-situ perfusion of 

porcine hearts. 

5.3. Methods:  

5.3.1. Animals 

Seventeen female domestic pigs weighing 41-54 kg were used as heart and blood 

donors. The institutional animal care committee of the University of Alberta approved the 

experimental protocol as compliant with the guidelines of the Canadian Council on Animal 

Care Guidelines and federal and provincial regulations/legislation.  

5.3.2. Heart procurement and preparations 

The porcine hearts were procured and prepared, as described previously [11]. Briefly, an 

intramuscular dose of ketamine (20 mg/kg) and atropine (0.05 mg/kg) was injected as 

premedication, then orotracheal intubation was established, and general anesthesia was 

maintained with isoflurane (1-2%). A standard median sternotomy was performed under 

general anesthesia, and the heart was exposed. After intravenous delivery of heparin 

(1000 U/kg bolus) and Ringer’s lactate solution (1000 mL), 1000 ml of whole blood was 

retrieved through a two-stage venous cannula placed into the right atrium and was used 

to prime the ESHP circuit. The pigs were then exsanguinated (euthanized), and the hearts 

were excised, weighed, and immediately mounted on a custom ESHP apparatus and 

perfused for 12 hours (n=13).  Four new hearts were used as healthy controls.  
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5.3.3. Ex-situ heart perfusion and sample collection:  

A combination (1:1) of whole donor blood and modified Krebs-Henseleit solution 

containing 8% albumin (to decrease myocardial edema) was used for the perfusate. The 

ESHP apparatus was constructed as previously described [11] (Figure 5.1A&B). Custom-

designed software controlled the pump speed to maintain the desired aortic (Ao) and left 

atrial (LA) pressures during the perfusion, and enabled preservation and evaluation in 

different conditions [Langendorff mode (non-working, NWM), and working mode (WM)]. 

Perfusion was initiated in NWM with isolated aortic root perfusion in all hearts. The Ao 

pressure was maintained at 40 mm Hg during perfusion in all the hearts. The transition 

from an empty, beating, non-working state into a physiologic WM was achieved with an 

automatic increase of the left atrial pump speed to achieve a left atrial pressure of 6 

mmHg.  Coronary sinus and LA flow were recorded with a TS410 Tubing Flow Module 

and flow meters (Transonic, US). The perfusate was continuously infused with glucose (1 

gram/hour), insulin (2 units/hour), and epinephrine (0.04 micrograms/minute) for 

metabolic and inotropic support.  

After initiation of ESHP, perfusate samples were collected from the aortic root at baseline 

(T0), hour-5 (T5, mid-perfusion), and hour-11 (T11, late perfusion) and plasma were then 

extracted and frozen at -80°C for later analysis. Blood gas analysis of the samples was 

performed (ABL 800 analyzer, Radiometer, Ca) at regular intervals, and a pH of 7.35-

7.45, and arterial partial pressure of oxygen (PaO2) of 100-150 mmHg were maintained. 

At the end of ESHP, samples were taken from the anterolateral wall of the left ventricle 

and immediately snap-frozen in liquid nitrogen and stored at -80˚C for later analysis  
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5.3.4. Experimental groups 

ESHP was initiated in NWM, and the perfusate was warmed from room temperature to 

38˚C over 30-minutes (in NWM, LAP=0mmHg). All hearts were paced with atrial wires at 

100 beats/minute. The animals were randomly assigned to different experimental groups. 

5.3.4.1. Working mode perfusion group (n = 7) 

After the initial perfusion in NWM (30-minutes), the hearts were transitioned into WM by 

increasing LA pressure to 6 mmHg and were maintained in WM over the remainder of the 

12-hour perfusion. 

5.3.4.2. Non-working mode (unloaded) perfusion group (n = 6) 

The hearts were maintained in the unloaded, NWM (LA pressure=0 mmHg) over the 12-

hour preservation period except for the brief transitions into WM at T1, T5, and T11 to 

assess myocardial function and metabolism.  

5.3.4.3. In vivo tissue samples (n = 4) 

Samples from healthy, non-perfused porcine left ventricles were obtained to serve as 

control samples for subsequent analysis.  

5.3.5. Functional assessment of the ex-situ-perfused heart 

Myocardial function parameters were assessed at T1 (representing early perfusion), T5 

(representing mid-perfusion), and T11 (representing late perfusion) in a physiologic WM 

(left atrial pressure = 6 mmHg). The maximum (dP/dt max) and minimum (dP/dt min) 

rates of pressure change were assessed through a pigtail catheter (5F) placed in the left 

ventricle via the subclavian branch of the aortic arch. The ESHP software collected 

atrial, ventricular, and aortic pressure in real-time, and calculated the ventricular stroke 

volume (SV) and stroke work (SW). The SW (mmHg.ml) was calculated as the product 
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of LV developed pressure (mmHg): {mean aortic pressure (mmHg) – left atrial pressure 

(mmHg}, and SV (ml.beat-1): {cardiac output (ml.min-1)/heart rate (beat.min-1). The 

cardiac index (CI) was determined by measuring flow through the left atrial line divided 

by the heart weight (mL·minute-1·gram-1). 

5.3.6. Assessment of the markers of inflammation and oxidative stress 

The concentrations of pro-inflammatory cytokines, anti-inflammatory IL-10, and oxidized 

low-density lipoprotein (oxLDL), a marker of oxidative stress  were measured in the 

perfusate samples using commercially available enzyme-linked immunosorbent assay 

(ELISA) kits for semi-quantification of tumor necrosis factor-alpha (TNF-α), interleukin 

(IL)-1α, IL-1β, IL-6, IL-8, and IL-10 (R&D Systems, MN, US), and IL-18 (Reddot Biotech 

Inc, BC, CA), and oxLDL (MyBioSource, CA, US). The myocardial tissue expression of 

pro-inflammatory cytokines TNF-a, IL-6, and IL-1β, and a marker of oxidative stress, 

malondialdehyde (MDA) as well as p65 (RelA) subunit of the nuclear factor kappa-light-

chain-enhancer of activated B cells (NFκB-p65), suggested as the most active, canonical 

NFκB subunit [12] were assessed in LV tissue samples with western blot analysis and 

were compared between the ex-situ-perfused hearts, and in vivo LV samples.  

5.3.7. Evaluation of endoplasmic reticulum stress  

Activation of the three signaling pathways of ER stress were examined with western blot 

assessment of the expression of the alpha subunit of eukaryotic initiation factor 2 (EIF-

2α), activated, phosphorylated EIF-2α (pEIF-2α), (effectors of the protein kinase RNA-like 

endoplasmic reticulum kinase, PERK pathway), activating transcription factor 6 (ATF 6), 

(ATF 6 pathway), and alpha subunit of inositol-requiring enzyme 1 (IRE-1α) and activated 

phosphorylated IRE-1α (p-IRE-1α) (IRE-1 pathway). The ER stress-induced apoptotic 
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factor [CCAAT/enhancer-binding protein homologous protein (CHOP)], and ER-

associated proteins involved in protein folding (protein disulfide isomerase; PDI and alpha 

isoform of the ER oxidoreductase 1; ERO-1α) were also assessed.  

5.3.8. Western blotting  

In vivo and ESHP samples (obtained from the anterolateral wall of the left) were lysed in 

cold RIPA buffer system (Santa Cruz Biotechnology, TX, US) with protease and 

phosphatase inhibitors (Santa Cruz Biotechnology, TX, US, and Thermo Fischer, ON, 

CA). Similar amounts (20 µg) of denatured protein samples were separated by SDS-

PAGE and were transferred to polyvinylidene fluoride (PVDF) membrane (Millipore, ON, 

CA). Samples were blocked for 1 hour at room temperature in a solution of 5% bovine 

serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween (TBS-T). The 

membranes were incubated overnight at 4˚C with primary antibodies targeting IRE-1α, 

eIF-2α, p-eIF-2α, ERO-1α, PDI (Cell Signalling, MA, US), p-IRE, IL-6, TNF-α (Abcam, 

ON,CA), ATF-6 (Aviva Systems Biology, CA, US), CHOP (Novus Biologicals, CO, US), 

IL-1β (Antibodies Online, PA, US), NFκB-p65 (Santa Cruz Biotechnology, TX, US) and 

MDA (MyBioSource, CA, US) in a solution of 5% BSA in TBST. TBS-T washed 

membranes were then probed with the appropriate horseradish peroxidase (HRP)-

conjugated secondary anti-rabbit (BioRad, CA, US) or anti-mouse (Cell Signalling, MA, 

US) antibody for 60 min at room temperature. Target proteins were visualized with 

peroxidase substrate for enhanced chemiluminescence (ECL) substrate (Pierce 

Biotechnology, MA, USA) and 4000MMpro imaging system (Carestream, NY, US). Band 

intensities were analyzed with ImageJ software. Membrane protein, stained using a 
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reversible total protein stain system (MemCode, Thermo Fischer, ON, Ca), was used as 

the loading control. 

5.3.9. Metabolic parameters 

Coronary vascular resistance and myocardial oxygen consumption (MVO2) were 

calculated as described previously [13]. Mechanical efficiency (ME) was calculated as: 

Left ventricular stroke work (joules·beat-1) / MVO2 (joules·beat-1) where 

Stroke work = [mean arterial pressure (mmHg) - left atrial pressure (mmHg)] × [left atrial 

flow (ml·min-1)/ heart rate (beats·min-1)] × 0.0001334 (joules·ml-1·mmHg-1), and 

 MVO2 (Joules·beat-1) = [MVO2 (ml·min-1)/heart rate (beats·min-1)] × 20 (joules·ml-1) 

5.3.10. Myocardial injury 

5.3.10.1 Myocardial edema 

The formation of myocardial edema over the 12-hour ESHP was evaluated using 

myocardial weight gain relative to the initial heart weight according to the equation 

described previously [14] 

5.3.10.2. Cardiac troponin-I 

The concentration of cardiac troponin-I (cTn-I) was determined in T0, T5, and T11 

perfusate samples using a commercial porcine ELISA Kit (Life Diagnostics, PA, US). 

5.3.10.3. Soluble adhesion molecules 

Soluble intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-

1 (VCAM-1) were measured in the perfusate during ESHP as markers of endothelial cell 

activation [15] using commercial ELISA kits (MyBioSource, CA, US). The values were 

compared overtime in each group, and also between the two perfusion groups. 
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5.3.10.4. Myocardial leukocytes 

Histologic sections (6 µm thick) of the OCT-embedded samples collected from the LV 

anterolateral wall of the ex-situ perfused, and in-vivo hearts were stained with hematoxylin 

and eosin. The leukocyte count in the LV tissue sections was determined by a blinded 

clinical pathologist (C.S) using Image J technology as previously published [16]. To 

determine the sub-populations of the leukocytes, the histologic sections of OCT-

embedded LV samples (6 µm thick), were fixed in 4% paraformaldehyde, permeabilized 

with 0.25% Triton X-100, blocked  (for one hour at room temperature) and probed 

(incubated overnight at 4º C) for cluster of differentiation 3 (CD 3), (marker of T 

lymphocyte, Novus Biologicals, CO, US) and porcine CD68 (a marker of monocyte, 

macrophage and neutrophil, clone: BA4D5, BioRad, CA, US) [17, 18].Secondary 

antibodies Alexa Flour 488 (goat anti-rabbit, Abcam, ON, CA) and Alexa Flour 647 

(donkey anti-mouse, Thermo Fischer, ON, CA) were used against CD3 and CD68 

antibodies respectively (incubated for one hour at room temperature). The microscopic 

immunofluorescence evaluation was performed by a blinded clinical pathologist (C.S) 

using a Zeiss Axioscope at 200x (objective 20x). Quantification was performed based on 

analyzing 6 fields of view of the LV sections for each case. 

5.3.11. Statistical analysis  

The statistical analysis was performed with the IBM SPSS statistics software (Version 

21.0). Continuous data were reported as median [Interquartile Range (IQR)], or 

mean±Standard Deviation (SD) and were analyzed between the groups using Kruskal-

Wallis/ one-way ANOVA (followed by Dunn’s / Fisher’s Least Significant Difference, LSD 

posthoc tests), or Mann-Whitney U test/ independent sample t-test where appropriate. 
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Over time changes within each group were assessed using Jonckheere–Terpstra trend 

test/ linear regression where appropriate. Significance was set at p=0.05 for all statistical 

tests. 

5.4. Results 

The donor animal weight, heart weight, ischemic time, defibrillation requirement, and 

duration of perfusion were not significantly different between WM and NWM perfusions 

(Supplemental Table s5.1). Similarly, the perfusate characteristics, including perfusate 

pH, arterial partial pressure of oxygen (PaO2), and ionic composition, were comparable 

between experimental groups (data not shown). 

5.4.1. Myocardial function 

During ESHP, myocardial function declined significantly in both WM and NWM groups 

(Table 5.1). At the T11 assessments, while the WM hearts preserved 27% [22,50] of the 

baseline cardiac index, the hearts in the NWM group preserved only 9.5% [0,21], 

(p=0.022). Similarly, the left ventricular stroke work (SW), the maximum rate of pressure 

change (dP/dt max), the minimum rate of pressure change (dP/dt min), and mechanical 

efficiency (ME) were also better preserved throughout ESHP in the WM group (Table 5.2).  

5.4.2. Markers of inflammation and oxidative stress  

5.4.2.1. Perfusate markers 

Relative to the baseline (T0) values, the perfusate tumor necrosis factor-alpha (TNF-α), 

interleukin (IL)-6, IL-8, IL-1β, IL-18, and IL-10 significantly increased during ESHP in both 

groups. IL-1α did not change over time significantly in WM or NWM. TNF-α and IL-8 

perfusate concentrations significantly increased over time in both perfusion groups. 

Perfusate IL-1β, and IL-18 concentrations, only showed a significant increase between 
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T5-T11 assessments. IL-6 continuously increased throughout the perfusion (Figure 5.2). 

There was no significant difference between the perfusate concentration of any of the 

cytokines mentioned above between WM and NWM at T0, T5, or T11 (Supplemental 

Table s5.2). While oxidized LDL (oxLDL, marker of oxidative stress), was not detectible 

in the perfusate at T0 (considered 0 according to the utilized kit instructions), it 

significantly increased throughout ESHP in both groups (Figure 5.2) and the values at T0, 

T5, or T11 were not significantly different between WM and NWM (Supplemental Table 

s5.2). In summary, inflammation and oxidative stress developed significantly in the 

perfusate during ESHP. 

5.4.2.2. Left ventricular tissue markers 

The LV tissue expression of mature, active IL-1β, TNF-α,  and p65 (RelA) subunit of the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB-p65), suggested to 

be the most  dynamic, canonical NFκB subunit [12], were all significantly higher in NWM 

compared to in vivo (p=0.013, p=0.049, and p=0.029 respectively) and WM (p=0.019, 

p=0.029, and p=0.018 respectively). The expression of IL-1β, TNF-α, and NFκB-p65 was 

not different between in vivo and WM (p=1, p=1, and p=1 respectively). IL-6 expression 

was not significantly different between in vivo, WM, and NWM (p=0.483). The LV tissue 

MDA was significantly higher in NWM compared to both in vivo and WM (p=0.004 and 

p=0.028 respectively), while the values were not significantly different between WM and 

in vivo (p=0.201), (Figure 5.3A-E). In general, LV myocardial tissue of the hearts perfused 

in NWM (but not WM) expressed markers of inflammation and oxidative stress during 

ESHP. 
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5.4.3. Left ventricular expression of the endoplasmic reticulum stress markers  

The total IRE-1α and its phosphorylated active form (pIRE-1α) were both significantly 

higher in NWM compared to in vivo (p=0.015 and p= 0.013 respectively) but the values 

of IRE-1α and pIRE-1α were not significantly different between WM and NWM (p=0.090 

and p=0.471 respectively).  No significant difference was detected in the total alpha 

subunit of eukaryotic initiation factor 2 (EIF-2α), (the effector of the PERK pathway) 

between in vivo, and ex-situ-perfused hearts (p=0.384).  The active, phosphorylated EIF-

2α (pEIF-2α), was significantly higher in NWM compared to in vivo and WM (p=0.042 and 

p=0.005 respectively) but it was not different between in vivo and WM (p=1). The ATF-6 

was significantly higher in NWM compared to in vivo and WM (p=0.001 and p=0.014, 

respectively) and no significant difference was detected between  WM and in vivo 

(p=0.084). The protein disulfide isomerase (PDI) was significantly higher in both WM and 

NWM compared to in vivo (p=0.013 and p=0.033, respectively). However, it was not 

significantly different between WM and NWM (p=0.657). Similarly, the endoplasmic 

reticulum oxidoreductase 1 alpha (ERO-1α), was significantly higher in WM and NWM 

compared to in vivo (p=0.046 and p=0.008 respectively), and no significant difference 

was detected between WM and NWM. The ER stress-induced apoptotic factor 

[CCAAT/enhancer-binding protein homologous protein (CHOP) was not significantly 

different between in-vivo, NWM, and WM (P=0.330), (Figure 5.4A-B). In summary, the 

ER stress responses were induced in LV myocardial tissue of ex-situ-perfused hearts, but 

in a higher degree in NWM compared to WM. 
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5.4.3. Metabolic assessment     

Coronary vascular resistance did not change significantly during perfusion in either of the 

two groups (WM T1: 0.040 ± 0.002, T5: 0.030 ± 0.003, T11: 0.030 ± 0.004, p=0.12 and 

NWM T1: 0.030 ± 0003, T5: 0.030 ± 0.004, and T11: 0.030 ± 0.004, p=0.65) and there 

was not a significant difference between WM and NWM at T1 (WM: 0.04 ± 0.002, NWM: 

0.030 ± 0003, p=0.22),  T5 ( WM: 0.030 ± 0.003, NWM: 0.030 ± 0.004, p=0.61), or T11 

(WM: 0.030 ± 0.004, NWM: 0.030 ± 0.004 p=0.77). Myocardial oxygen consumption 

(MVO2) significantly declined over time in both WM and NWM (WM T1: 7 ± 1, T5: 4 ± 0.34, 

T11: 2 ± 0.49 mL.min-1.100g-1, p=0.022, NWM T1: 7 ± 0.84, T5: 4 ± 0.82, T11: 2 ± 0.72 

mL.min-1.100g-1, p<0.001). MVO2 was not significantly different between WM and NWM 

at at T1 (WM: 7 ± 1, NWM: 7 ± 0.84 mL.min-1.100g-1, p=0.81), T5 (WM: 4 ± 0.34, NWM: 

4 ± 0.82, mL.min-1.100g-1 p=0.99), or T11 (WM: 2 ± 0.49, NWM: 2 ± 0.72, mL.min-1.100g-

1, p=0.58).  

5.4.4. Myocardial injury 

5.4.4.1. Edema formation 

Hearts in both groups developed edema during ESHP, as evidenced by a significant 

increase in heart weight compared to the start of perfusion (WM start weight: 196 

[191,238], end weight: 246 [232,255], p=0.018, and NWM  start weight:195 [185,208], 

end weight: 244 [228,275], p=0.028). Myocardial weight gain percentage was not 

significantly different between WM and NWM hearts (WM: 19% ± 9, NWM: 26% ± 7, 

p=0.14) (Figure 5.5A). 
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5.4.4.2. Soluble adhesion molecules 

The soluble intercellular adhesion molecule-1 (ICAM-1) values significantly increased 

during ESHP in both WM and NWM (WM T0: 0, T5: 2 [2,3], T11: 5 [3,6] ng/mL, p<0.001 

and NWM T0: 0, T5: 4 [4,5], T11: 4 [2,5] ng/mL, p=0.021). The perfusate ICAM-1 

concentration at T5 was higher in NWM (WM: 2 [2,3] ng/mL, NWM: 4 [4,5] ng/mL, 

p=0.010), but it was not significantly different between WM and NWM at T11 (WM: 5 [3,6] 

ng/mL, NWM: 4 [2,5] ng/mL p=0.476). Similarly, the perfusate vascular cell adhesion 

molecule-1 (VCAM-1) concentration also significantly increased during the perfusion in 

both WM and NWM (WM T0: 77± 1, T5: 97 ± 2, T11: 101 ± 4 μg/mL, p=0.003 and NWM 

T0: 73 ± 1, T5: 89 ± 3, T11: 99 ± 3 μg/mL, p=0.007). There was not a significant difference 

in VCAM-1 between WM and NWM at T0 (WM: 77 ± 1 μg/mL, NWM: 73 ± 1 μg/mL, 

p=0.078), T5 (WM: 97 ± 2 μg/mL, NWM: 89 ± 3 μg/mL, p=0.089), or T11 (WM: 101 ± 4 

μg/mL, NWM: 99 ± 3 μg/mL, p=0.775) (Figure 5.5B&C). In summary, the markers of 

endothelial activation significantly increased in the perfusate during ESHP in both WM 

and NWM. 

5.4.4.3. Cardiac Troponin-I 

The perfusate concentration of cardiac troponin-I (cTn-I) increased significantly during 

ESHP in both groups (WM T0: 0 [0,1], T5: 8 [7,18], T11:12 [11,21] ng/mL, p=0<001, NWM 

T0: 0 [0,1], T5: 32 [30,34], T11: 32 [30,35]  ng/mL, p=0.001). While  the cTn-I 

concentration in the perfusate at T0 was not significantly different between WM and NWM 

(WM: 0 [0,1] ng/mL, NWM: 0 [0,1] ng/mL, p=0.485), it was significantly higher in the NWM 

group at T5 (WM: 8 [7,18] ng/mL, NWM: 32 [30,34] ng/mL, p=0.001) and T11 (WM: 12 

[11,21] ng/mL, NWM: 32 [30,35] ng/mL, p=0.015), (Figure 5.5D). In brief, during ESHP 
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the perfusate cTn-I increased in both WM and NWM, but the values were significantly 

lower in WM group in extended-perfusion times. 

5.4.4.4. LV myocardial leukocytes   

The number of leukocytes in each assessed microscopic field was higher in WM 

compared to in vivo (WM: 67 [62,73], In vivo 38 [35,38], p=0.003). There was not a 

significant difference in leukocyte count between NWM and in vivo (in vivo: 38 [35,38], 

NWM: 44 [38,55], p=0.813), or WM (WM: 67 [62,73], NWM: 44 [38,55], p=0.051)  (Figure 

5.6A&B). The number of the cluster of differentiation (CD) 3-positive cells (T cells) was 

not significantly different between in vivo, WM, and NWM (in vivo: 4 [3,4], WM: 5 [5,7], 

NWM: 4 [3,8], p=0.97). The mean number of CD68-positive cells (monocytes, 

macrophages, and neutrophils) was significantly lower in in vivo compared to both WM 

(in vivo: 23 ± 4, WM:  37 ± 5, p=0.005) and NWM (in vivo: 23 ± 4, NWM: 35 ± 6, p=0.010). 

The values were not significantly different between WM and NWM (WM:  37 ± 5, NWM: 

35 ± 6 p=0.683), (Figure 5.6A,C&D). In summary, the leukocytes subtypes mainly 

involved in innate immunity were higher in the LV tissue of the ex-situ-perfused hearts 

compared to in vivo myocardium.  

5.5. Discussion 

Extracorporeal circulation is associated with activation of the innate immune responses, 

and the development of oxidative stress, which negatively impacts patient outcomes [4, 

19-21]. Ischemia-reperfusion injury (IRI), hemolysis, and the contact of the blood cells 

with artificial, non-endothelialized surfaces of the circuit are among the most important 

underlying factors [4, 20, 22]. Conditions related to acute systemic inflammation cause 

coronary endothelial damage, edema, systolic and diastolic cardiac malfunction, and 
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accumulation of markers of myocardial injury such as cTn-I in the circulation [23]. In this 

study, the perfusate IL-6, IL-8, and TNF-α increased considerably by T5. Perfusate IL-6 

and IL-8 increased throughout the entire perfusion time, but levels of TNF-α reached a 

plateau at T5 and did not change significantly after that. The perfusate cytokine level 

trends observed here followed similar patterns as those reported during cardiopulmonary 

bypass (CPB) and extracorporeal membrane oxygenation (ECMO) [24, 25], suggesting 

that while early-onset stimuli such as myocardial IRI prominently trigger 

production/release of TNF-α during perfusion, IL-6, and IL-8 production may be related to 

persistent ESHP-related stimuli such as artificial surfaces and activation of complement 

and contact systems [20]. On the other hand, the perfusate active IL-1β and IL-18 was 

either very low or undetectable at T5 and only increased after T5, through T11. Activation 

of these cytokines is mainly dependent on the assembly of multi-protein intracellular 

complexes called the inflammasome, and subsequent activation of caspase-1[26] [27]. 

Our findings suggest that inflammasome formation and activation may occur slower, or 

be triggered by stimuli developed later in ESHP such as increased level of other pro-

inflammatory cytokines in the perfusate, and persistent oxidative stress and damage. 

Therefore, while perfusate IL-1β and IL-18 may not have an important contribution to the 

functional decline occurring during early hours of ESHP, increased levels of these 

cytokines later during perfusion can further disrupt viability and function of the heart and 

negatively affect the outcomes of donor heart preservation and transplantation  [28, 29]. 

Similar to the pro-inflammatory cytokines, the perfusate Ox-LDL also increased 

significantly throughout ESHP with comparable values in WM and NWM, suggesting that 

increased perfusate pro-inflammatory cytokines cause/exacerbate the exposure of the 
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heart to oxidative stress during ESHP. Ox-LDL can also directly induce negative inotropic 

and lusitropic effects on heart, independent of the risk factors such as age, blood 

pressure, and cholesterol levels [30, 31]. 

In addition to immune cells, different cardiac cells, including macrophages, 

cardiomyocytes, and endothelial cells also produce pro-inflammatory cytokines in various 

pathological conditions (sepsis, ischemia-reperfusion injury, graft rejection, and heart 

failure) [32, 33]. Myocardial expression of pro-inflammatory cytokines may be a sign of 

extreme stress and can lead to the progression of cardiac dysfunction and failure [34, 35]. 

The LV tissue expression of NFκB-p65, known as the most active, canonical subunit of 

NFκB (transcription factor necessary for induction of inflammatory molecules) [12], IL-1β 

and TNF-α, while comparable between WM and in vivo, was significantly higher in NWM 

hearts. This observation may suggest a higher degree of tissue stress/damage that may 

have contributed to the more profound functional decline we observed in this group 

compared to the WM hearts. Moreover, the LV tissue malondialdehyde (MDA, a marker 

of oxidative stress), that can also directly suppress the contractile function of the heart via 

p38 mitogen-activated protein kinase (MAPK) phosphorylation (activation) [36], was 

significantly higher in NWM compared to both in vivo, and WM. 

Previous reports have suggested that IL-6 is produced in cardiomyocytes as a response 

to IL-1β. Although IL-1β was significantly elevated in the perfusate in both perfusion 

groups, and in LV tissue in NWM, the LV active IL-6 content was comparable between 

the ex-situ-perfused hearts and in vivo samples. This observation suggests that LV tissue 

expression of IL-6 may occur as a result of greater/longer exposure to stress conditions 

and circulating proinflammatory cytokines.  
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In this study, we observed a higher concentration of leukocytes in the hematoxylin/eosin-

stained LV tissue of WM hearts, however, the immunofluorescence staining suggested 

that the number of LV CD3-positive cells (T cells) was not significantly different between 

in vivo and ex-situ- perfused hearts. The number of LV CD68-positive cells (monocytes, 

macrophages, and neutrophils), while significantly higher in ex-situ-perfused hearts 

compared to in vivo, was not significantly different between WM and NWM. The number 

of monocyte, macrophages and neutrophils were increased mild/moderately in the LV 

tissue of both WM and NWM with the absolute terms being negligible in all groups and 

not consistent with the rest of our findings, particularly the higher expression of IL-1β and 

TNF-α in NWM. Studies with larger sample size and evaluation of possible production of 

cytokines by myocardial cells may be beneficial for further evaluation of leukocyte 

migration into the myocardium during ESHP, and determining the source of pro-

inflammatory cytokines in this setting. 

Inflammation, oxidative stress, and ER stress are interconnected through various 

mechanisms and are associated with cardiac disease and failure [37, 38]. In the present 

study, we observed the activation of the ER stress and UPR in the ex-situ-perfused 

hearts, mainly in the hearts perfused in NWM, in which all the three main pathways of ER 

stress responses were induced during ESHP. The effectors of the PERK pathway, active 

isozyme (peIF-2α), ATF-6 (effector of the ATF-6 pathway), and total IRE-1 α  and its active 

isozyme (p-IRE-1α) while were not significantly different between in vivo and WM, were 

significantly higher in the NWM compared to both in vivo and WM suggesting that 

activation of these pathways may play a role in the inferior function of ex-situ-perfused 

hearts in NWM and/or be induced by conditions related to perfusion in NWM including 
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sub-physiological myocardial wall stress and preload, as a part of adaptive mechanisms 

[39-41].  Meanwhile, the expression of ER protein folding-related disulfide bond-forming 

elements (ERO-1 and PDI) were significantly higher in ex-situ-perfused hearts(WM and 

NWM) compared to in vivo. The activity of these proteins, while an essential component 

of maintaining ER homeostasis, may create a source of reactive oxygen species 

(hydrogen peroxide) as a by-product of the folding process, and can cause/exacerbate 

oxidative stress in cells [42]. 

Activation of ER stress and UPR has been observed in many pathologic cardiac 

conditions [37], and may also contribute to the functional decline that occurs in ex-situ-

perfused hearts. Therapeutic interventions aimed to reduce ER stress may ameliorate 

cardiovascular diseases, but paradoxically, activation of UPR has been observed to 

induce cardioprotective effects as well [40, 41, 43]. In the present study, activated UPR 

in the ex-situ-perfused hearts was not accompanied with increased expression of CHOP, 

the mediator of ER stress-related cell death, suggesting that the activation of UPR in the 

setting of ESHP may be either pro-survival and adaptive, or need stronger/longer 

exposure to mediate cell death [40, 44]. This is in keeping with our previous observation 

that there is a very low level of cell death during ESHP [44].ER stress can significantly 

affect cellular processes, including redox homeostasis, energy production, and 

inflammation [10]. The interaction of inflammation, oxidative stress, ER stress, and UPR 

during ESHP and the effects of their induction or inhibition on the preservation of cardiac 

function in this setting and on the outcomes of heart transplantation is not clear and needs 

further investigation. 
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Regardless of the perfusion mode, the ex-situ-perfused hearts developed significant 

edema during perfusion, which was not significantly different in WM and NWM. At the 

same time, despite higher expression of IL-1β, TNF-α, and MDA in LV tissue in NWM 

group, the soluble, circulating markers of endothelial activation, ICAM-1 and VCAM-1 

increased comparably between WM and NWM during ESHP, suggesting that the 

extracorporeal perfusion-related inflammatory and oxidative stress environment of the 

perfusate may be playing the pivotal role in the activation of the coronary endothelial cells 

in this setting, leading to vasodilation, impaired barrier function and increased 

permeability of microvasculature and thus, development of myocardial edema during 

ESHP. The factors associated with activation of coronary endothelial cells during ESHP, 

and related effects on the outcomes of cardiac preservation and transplantation are 

under-studied and require further clarification of the outcomes of this phenomenon and 

how to address them in this setting [45, 46].  

The perfusate cTn-I concentration increased during ESHP in both WM and NWM. 

However, the values while not significantly different at baseline (T0), were significantly 

higher in NWM at both T5 and T11 compared to WM. Although cTn-I  is generally 

accepted as a marker of cardiomyocyte necrotic death, according to our previous 

observations, and studies by others, secretion of cTn-I during ESHP into the perfusate 

may be related to reversible stress and damage, rather than ultimate cell necrosis, [44, 

47, 48] and higher inflammatory/oxidative status of the myocardial tissue in NWM may 

have contributed to the higher cTn-I secretion in this group [44]. 

In this study, similar to our previous observations [44], ESHP in WM, not only provided 

the opportunity for continuous monitoring of cardiac function but also lead to better 
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functional preservation when compared to NWM. This is a critical finding, as currently the 

only clinical ESHP device, Organ Care System device (OCS), which isnot FDA approved 

yet, can only operate in empty beating NWM, and quality assessment of the heart in OCS 

relies on metabolic findings (lactate concentration in particular), which may not correlate 

accurately with the functional status of the donor heart [13, 49]. Normothermic Regional 

Perfusion (NRP), which refers to in-situ reperfusion of thoracic organs after declaration of 

death based on circulatory criteria (DCD) using veno-arterial extracorporeal membrane 

oxygenation (ECMO) can be used to revive the DCD heart following which assessment 

of function can occur in-situ prior to ex-situ heart perfusion. However, the safety, cost-

effectiveness, and the ethics of NRP are still a matter of debate since it takes place for a 

short time, involves an extra episode of extracorporeal circulation and exposes the heart 

to high levels of catecholamines in donor’s blood, increasing the risk of inflammation and 

tissue damage. It may also lead to partial reperfusion of donor’s brain through collateral 

circulation [20, 50, 51]. Thus, ex-situ perfusion of the DCD donor heart in WM may offer 

a safer, more reliable approach for both monitoring and protecting the heart during 

preservation. The mechanisms related to better functional preservation in WM are 

unknown yet and are under investigation by our group, but the cardioprotective effects of 

a physiologic wall stretch and contraction may be involved [39, 52].  
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5.6. Study limitations 

Our study has some important limitations. Here, hearts were exposed to negligible 

episodes of ischemia, in contrast to the current clinical practice. Also, we employed hearts 

from normal healthy donor animals without replicating donation after neurologic 

determination of death (NDD), or donation after circulatory death (DCD) conditions. The 

process of NDD and DCD both lead to myocardial dysfunction and damage [50, 53], and 

our aim here was to focus on the impact of the extracorporeal circuit on the heart without 

a confounder such as IRI, and hormonal imbalance. Due to the very short, negligible 

ischemic times in this study, we avoided using cardioplegic solution, to be able to focus 

on ESHP-related alterations only. 

Due to the negative effects of repeated needle-biopsies on coronary flow and myocardial 

function, the ex-situ-perfused hearts were not matched with in vivo LV samples from the 

same pig. Alternatively, we used a group of in vivo LV samples obtained from healthy 

non-ischemic, non-perfused, control porcine hearts.  

5.7. Conclusion 

Current clinical ESHP protocols preserve the heart in NWM; however, perfusion in a 

loaded and working state provides superior preservation of myocardial function. 

Myocardial functional decline occurs during prolonged ESHP, creating an obstacle for this 

technology to expand the donor pool. Activation of innate immune, oxidative, and ER 

stress responses may play an important role in the functional decline of the ex-situ-

perfused heart. Further investigation is warranted to clarify the role of these phenomena 

on myocardial functional preservation and the impact of targetting them during ESHP. 
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5.11. Tables and figures 
 

Table 5.1. Left ventricular function during ex-situ heart perfusion 

 

Functional 
parameter 

 T1 T5 T11 p-
value 

CI ,  WM 16 [13,19] 11 [6,14] 5 [3,7] <0.001 

(ml/min/g) NWM 16 [12,20] 5 [4,7] 0.96 [0,4] <0.001 

SW   WM 4600 [3200,5400] 2200 [930,3200] 700 [500,1700] <0.001 

(mmHg*ml) NWM 4700 [2500,6700] 880 [530,1800] 250 [1,622] <0.001 

dP/dT max  WM 2800 [2100,3400] 1940 [1600,1970] 1600 [1200,1800]   0.005 

(mmHg/s) NWM 3400 [2500,5000] 2000 [950,2900] 790 [150,1500]   0.001 

ME   WM 15 [11,20] 15 [9,17] 13 [5,25]   0.723 

(%) NWM 14 [10,20] 6 [5,7] 2 [0,8]   0.001 

dP/dT min    WM -2600 [-2500,-2800] -1800 [-1700,-2100] - 1100 [-890,-1400] <0.001 

(mmHg/s) NWM -3000 [-2000,-3700] -1500 [-1100,-1600] -820 [-350,-950] <0.001 

 

Data reported as median [IQR]. CI, cardiac index; dP/dT max, maximum rate of pressure 

change; dP/dT min, minimum rate of pressure change; ME, mechanical efficiency; NWM, 

non-working mode perfusion; SW, stroke work; T(x), x: hours after the start of the 

perfusion; WM, working mode perfusion.  
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Table 5.2. Left ventricular function preservation during ex-situ heart perfusion 

 

preserved function group T5 T11 

CI  WM 75 [49,86] 27 [22,50] 

(%) NWM 40 [28,45] 9.50 [0,21] 

 p-value 0.022 0.022 

SW  WM 44 [34,71] 16 [12,31] 

(%) NWM 30 [8,40] 9 [0,13] 

 p-value 0.051 0.014 

dP/dT max  WM 70 [47,95] 65 [39,79] 

(%) NWM 56 [34,71] 25 [6,38] 

 p-value 0.181 0.014 

ME  WM 95 [83,98] 100 [42,125] 

(%) NWM 49 [27,58] 20 [0,72] 

 p-value 0.008 0.022 

dP/dT min  WM 71 [66,84] 46 [38,53] 

(%) NWM 44 [41,60] 28 [16,36] 

 p-value 0.035 0.022 

 

Data reported as median [IQR]. CI, cardiac index; dP/dT max, maximum rate of pressure 

change; dP/dT min, minimum rate of pressure change; ME, mechanical efficiency; NWM, 

non-working mode perfusion; SW, stroke work; T(x), x: hours after the start of the 

perfusion; WM, working mode perfusion  
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Figure 5.1. Ex-situ heart perfusion device.  

 

A: Diagram of the ex-situ heart perfusion circuit B: Porcine heart perfused on the ex-situ 

perfusion apparatus 

 

A, venous reservoir; B, left atrial pump; C, Aortic pump; D, oxygen/heat exchanger; E, 

medical gas mixer; F, leukocyte filter; G, Flow sensor; H, Pressure sensor; Ao, Aorta; LA, 

left atrium; PA, pulmonary artery. 
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Figure 5.2. Perfusate cytokine and oxidized low density lipoprotein accumulation during 

ex-situ heart perfusion  

[tested over time within WM (n=7) and NWM (n=6) groups with Jonckheere–Terpstra 

trend test, and between WM and NWM with Mann-Whitney U test]. Data are presented 

as median [IQR]. Error bars: IQR. 

 

IL-1α, interleukine-1 alpha; IL-1β, interleukin 1B; IL-18, interleukin-18; IL-6, interlekin-6; 

IL-8, interleukin-8; IL-10, interleukin-10; LDL, low density lipoprotein; n.s, no significant 

difference between the groups; NWM, non-working mode perfusion; TNF-α, tumour 

necrosis factor-alpha; T(x), x: hours after the start of the perfusion; WM, working mode 

perfusion; Ø, significant over time change within WM group; Ω, significant change within 

NWM group. 
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Figure 5.3. Myocardial expression of the markers of inflammation and oxidative stress  

A: Immunoblotting of total cell lysate prepared from LV samples taken either from in vivo 

non-perfused hearts, or at the end of ESHP, using the indicated antibodies. Total protein 

values (reversibly-stained) were used as loading control B: Expression of pro-

inflammatory cytokines and transcription factor, and a marker of oxidative stress in ESHP 

hearts compared to in vivo [tested between WM (n=7), NWM (n=6) and in vivo (n=4) 

groups with ■: one-way ANOVA (followed by Fisher’s Least Significant Difference posthoc 

test), or □: Kruskal-Wallis (followed by Dunn’s posthoc test)]. Data are presented as ■: 

mean±SD, or □: median [IQR]. Error bars ■: SD, □: IQR. 

 

 

IL-1β, interleukin 1β; IL-6, interleukin 6; INV, in vivo; MDA, malondialdehyde; NFκB-p65, 

p65 subunit of the nuclear factor kappa-light-chain-enhancer of activated B cells; n.s, no 

significant difference between the groups; NWM, non-working mode perfusion; TNF-α, 

tumour necrosis factor-alpha; WM, working mode perfusion  
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Figure 5.4. Endoplasmic reticular stress responses in myocardium  

A: Immunoblotting of total cell lysate prepared from LV samples taken either from in vivo 

non-perfused hearts, or at the end of ESHP using the indicated antibodies. Total protein 

values (reversibly-stained) were used as loading control B: Expression of 

markers/effectors of ER in ESHP hearts compared to in vivo [tested between WM (n=7), 

NWM (n=6) and in vivo (n=4) groups with ■: one-way ANOVA (followed by Fisher’s 

Least Significant Difference posthoc test), or □: Kruskal-Wallis (followed by Dunn’s 

posthoc test). Data are presented as ■: mean±SD, or □: median (IQR). Error bars ■: 

SD, □: IQR]. 

 

 

ATF-6, activating transcription factor 6; CHOP, CCAAT/enhancer-binding protein 

homologous protein; EIF-2α, the alpha subunit of the eukaryotic Initiation Factor 2; pEIF-

2α, phosphorylated, active EIF-2α; ERO- 1α, the alpha isoform of the endoplasmic 

reticulum oxidoreductase 1; IRE-1α, the alpha subunit of the Inositol requiring enzyme-1; 

pIRE-1α, phosphorylated, active IRE-1α; n.s, no significant difference between the 
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groups; NWM, non-working mode perfusion; PDI, protein disulfide isomerase; WM, 

working mode perfusion 

Figure 5.5. Myocardial and endothelial injury during ex-situ heart perfusion  

A: myocardial edema formation measured by weight gain percentage after ex-situ 

perfusion B: perfusate Intracellular Adhesion Molecule-1 C: perfusate Vascular Cell 

Adhesion Molecule D: perfusate cardiac troponin-I concentrations [tested over time within 

WM (n=7) and NWM (n=6) groups with ■: linear regression or paired sample t-test, □: 

Jonckheere–Terpstra trend test,  and between WM and NWM with ■: independent 

samples t-test, □: Mann-Whitney U test]. Data are presented as ■: mean±SD, or □: 

median (IQR). Error bars ■: SD, □: IQR]. 

 

cTn-I, cardiac troponin I; ICAM-1, Intracellular Adhesion Molecule-1; n.s, no significant 

difference between the groups; NWM, non-working mode perfusion; T(x), x: hours after 

the start of the perfusion; VCAM-1, Vascular Cell Adhesion Molecule-1; WM, working 
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mode perfusion; Ø, significant over time change within WM group; Ω, significant change 

within NWM group. 

Figure 5.6. Histological evaluation of residing leukocytes in LV tissue in in vivo controls 

and ex-situ-perfused hearts  

A:  Hematoxylin/eosin staining (magnification 10x) in the upper panels, and 

immunofluorescence staining of CD3 positive cells (T cells, bright green), and CD68-

positive cells (monocytes, macrophages, and neutrophils, red) in the lower panels. The 

black arrows in the upper panels in the photograph point to the leukocytic recruitment 

observed in this group. The yellow and white arrows in the lower panels point to CD3-

positive, and CD68-positive cells respectively B: Total number of leukocytes residing in 

the left ventricular tissue C: Number of CD3-positive T cells residing in the left ventricular 

tissue D: Number of CD68-positive monocytes, macrophages, and neutrophils residing in 

the left ventricular tissue [tested between WM (n=7), NWM (n=6) and in vivo (n=4) groups 

with ■: one-way ANOVA (followed by Fisher’s Least Significant Difference posthoc test), 

or □: Kruskal-Wallis (followed by Dunn’s posthoc test)]. Data are presented as ■: 

mean±SD, or □: median [IQ]. Error bars ■: SD, □: IQR. 
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CD, cluster of differentiation; H&E, hematoxylin/eosin staining; IF, immunofluorescence 

staining; INV, in vivo; n.s, no significant difference between the groups; NWM, non-

working mode perfusion; WM, working mode perfusion 
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5.12. Supplementary material 
 

Supplementary Table s5.1. Basic characteristics of perfusion and animal weight 

 
 WM 

N=7 

NWM 

N=6 

p-value 

Defibrillation (yes) 6 3 0.217 

Ischemic time (min) 5 [5,9] 5 [4.75,6] 0.945 

Perfusion time (h) 12 [12,12.15] 12.23 [12,12.33] 0.138 

Animal Weight (kg) 42 ± 2.61 43 ± 1.78 0.725 

Heart Weight (g)                                                   196 [191,238] 195 [185,208] 0.628 

 

The continuous values are presented as median [interquartile range], or mean ± Standard 

Deviation. NWM, non-working mode perfusion; WM, working mode perfusion  
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Supplementary Table s5.2. Concentration of the circulating cytokines in the perfusate 

during ex-situ heart perfusion 

Interleukins   T0 T5 T11 p-value 

IL-1α WM 116 [0,181] 108 [57,233] 134 [72,246] 0.370 

pg/mL NWM 33 [11,271] 160 [69,354] 252 [146,494] 0.064 

IL-1β WM 0 [0,0] 0 [0,0] 200 [134,275] 0.002 

pg/mL NWM 0 [0,0] 18 [0,75] 295 [135,400] <0.001 

IL-18 WM 0 [0,0] 0 [0,0] 30 [27,33] 0.001 

pg/mL NWM 0 [0,0] 0 [0,0] 30 [18,34] 0.001 

IL-6 WM 42 [0,171] 7100 [6600,8200] 12500 [900,14000] <0.001 

pg/mL NWM 46 [12,93] 4900 [4300,8100] 9200 [7300,12900] <0.001 

IL-8 WM 62 [0,72] 2300 [2000,3100] 3700 [2700,4600] <0.001 

pg/mL NWM 56 [40,78] 2600 [1600,3500] 3100 [2800,3800] 0.001 

TNF-α WM 0 [0,0] 790 [680,2000] 1000 [450,2000] 0.004 

pg/mL NWM 0 [0,20] 670 [560,920] 660 [470,1000] 0.005 

IL-10 WM 17 [12,38] 250 [150,330] 400 [390,900] <0.001 

pg/mL NWM 17 [14,42] 280 [200,560] 700 [300,1300] <0.001 

Ox-LDL WM 0 [0,0] 16 [13,20] 51 [27,54] <0.001 

ng/mL NWM 0 [0,0] 27 [10,57] 40 [14,65] <0.001 

 

Data reported in pg/mL as median [interquartile range]. IL-1α, interleukine-1 alpha; IL-1β, 

interleukin 1B; IL-18, interleukin-18; IL-6, interlekin-6; IL-8, interleukin-8; IL-10, interleukin-

10; NWM, non-working mode perfusion; ox-LDL, oxidized low density lipoprotein; TNF-α, 

tumor necrosis factor-alpha; T(x), x: hours after the start of the perfusion; WM, working 

mode perfusion. Overtime trends have been tested using Jonckheere-Terpstra trend test. 
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6.1. Abstract 

Background: Normothermic ex-situ heart perfusion allows preservation of donated heart 

in a perfused, dynamic state, preventing cold ischemia. However, the function of the ex-

situ perfused heart declines in a time-related fashion during perfusion, limiting the 

potential of this method for improvement of preservation, and expanding donor pool. The 

underlying mechanisms for the functional decline may be associated with the 

extracorporeal circulation-related oxidative stress and related modifications. Methods: 

Hearts from domestic pigs were either perfused for 12 hours in working mode (WM, whole 

blood-based or leukocyte-depleted blood-based perfusate) or non-working mode (NWM), 

or were used as in vivo healthy left ventricular (LV) tissue. Results: Different markers of 

oxidative stress (including protein carbonyl and malondialdehyde) appeared in higher 

values in ex-situ perfused hearts compared to in vivo controls. The oxidative stress 

responsive pathways (including pentose phosphate pathway and protein kinase B) were 

significantly higher in ex-situ perfused hearts compared to in vivo. While the hearts 

prerfused in WM had a adenosine monophosphate (AMPK) kinase and creatine kinase 

(CK) activation similar to in vivo, NWM hearts had significantly lower AMPK and CK 

activity compared to in vivo and WM. The function of ex-situ-perfused hearts significantly 

declined during perfusion regardless of the perfusion mode but the myocardial function 

was significantly better preserved in the hearts perfused in WM. Leukocyte depletion in 

the perfusate (WM-Lred) did not improve inflammation or oxidative stress, or the 

functional preservation of the hearts. Interestingly, the myocardial expression of the pro 

inflammatory genes was lower in the perfused hearts compared to in vivo. The myocardial 

expression of pro-inflammatory cytokines was similar between WM, and WM-Lred. 
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Conclusion: Ex-situ perfusion exposes the heart to ongoing oxidative stress and 

damage. Ex-situ perfusion of heart in WM in associated with better functional preservation 

that may be related to preserved AMPK and CK activity. Depletion of leukocyte in the 

perfusate may not attenuate the inflammation and oxidative stress effectively. 

 

6.2. Introduction 

Normothermic ex-situ heart perfusion is an emerging technology which allows 

preservation of donated heart in a perfused, beating state, preventing preservation-

related cold ischemia [1]. Thus, it may protect the donated heart better and provide a 

platform for therapeutic reconditioning, and functional and metabolic assessment of donor 

hearts (particularly sub-optimal hearts) during preservation time [2]. The experimental and 

clinical findings on ESHP have strongly advocated the potential of this technology for 

improving the cardiac protection during preservation time, facilitating transplantation of 

the sub-optimal, marginal donor hearts, and expanding the donor pool. However, the 

cardiac function reportedly declines gradually during ESHP [3-6]. The clinical device for 

normothermic ESHP currently perfuses the heart only in empty-beating non-working 

mode, and evaluation of the donor heart viability during the perfusion is based on 

metabolic findings (perfusate lactate concentration in particular) [1]. Thus, the 

deteriorating of the cardiac function observed in experimental ESHP has raised some 

doubts about the efficacy of the current clinical ESHP protocols for preservation, and 

assessment of the donor heart [7]. The responsible mechanisms for the functional decline 

of the ex-situ perfused heart are yet to be clarified however as we have shown previously, 

inefficient energy metabolism and extracorporeal perfusion-related inflammation may 
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play an important role [3, 8]. On the other hand, the extracorporeal circulation-induced  

tissue stress and damage is a highly neglected topic in the setting of ESHP [8].  

Oxidative stress resulting from the imbalance between generation of reactive oxygen and 

nitrogen species (RONS) and antioxidative defence of the cells, is induced via several 

pathways and mechanisms in clinical extracorporeal life support systems (e.g. 

cardiopulmonary bypass) [9, 10]. Besides their role in myocardial pathophysiological 

conditions [11, 12], RONS are a by-prorduct of vital, physiological cellular functions, 

(mainly production of energy in mitochondria) [13, 14]. Due to its intense energy 

requirements and production, to maintain an efficient myocardial function the 

mitochondrial energy production and antioxidative capacities must be in a tight balance 

[14]. Such a balance may be difficult to achieve in significant workloads if the antioxidant 

capacity of myocardial cells is overwhelmed or decreased, or RONS production is highly 

enhanced [15]. 

ESHP system shares many aspects and components with clinical extracorporeal 

circulation systems including artificial surfaces, filters, and oxygenators [2]. Thus in the 

present study, we aimed to, to assess the oxidative stress and related responses in 

porcine hearts perfused ex-situ, and to compare it in a whole blood-based, or leukocyte-

depleted perfusate, in either empty-beating non-working mode-perfused hearts (NWM), 

or the hearts ex- situ-perfused in a semi-physiologic working mode (WM) for an extended 

period of 12 hours. 
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6.3. Methods: 

Female domestic pigs (41-55 kg, n=14) were used as organ and blood donors. The 

institutional animal care committee of the University of Alberta approved the experimental 

protocol as compliant with the animal research ethics and Canadian Council on Animal 

Care Guidelines and federal and provincial regulations/legislation. 

6.3.1. Surgical procedure: 

The hearts were procured and prepared, as described in detail before (1, 2). Briefly, the 

pigs were premedicated with an intramuscular dose of ketamine (20 mg/kg) and atropine 

(0.05 mg/kg). Orotracheal intubation was established, and general anesthesia was 

maintained with isoflurane (1-2%). The heart was exposed through a standard median 

sternotomy. After infusion of 1000 mL of Ringer’s lactate solution, and intravenous 

delivery of heparin (1000 U/kg bolus) 850 ml of whole blood was retrieved through a two-

stage venous cannula placed into the right atrium. The blood used and was used to prime 

the ESHP circuit. The pigs were then euthanized by exsanguination. After a cross-clamp 

was placed across the ascending aorta, the hearts were arrested with 500 ml of reverse 

4:1 blood cardioplegia (modified Del Nido) and were excised, weighed, immediately 

mounted on the custom ESHP apparatus and perfused for 12 hours.   

6.3.2. Ex-situ heart perfusion apparatus and protocol 

The ESHP apparatus was constructed using a custom built venous reservoir-embedded 

organ chamber holding a silicon support membrane with integrated aortic (Ao), left atrial 

(LA) and pulmonary artery (PA) cannulas, two centrifugal pumps (ROTAFLOW, 

MAQUET, USA), an arterial line filter  (LivaNova, UK), and a membrane oxygenator (D 

905, LivaNova, UK) (Figure 6.1). A custom-designed computer system was used allowing 
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consistent control of pump speed to achieve and maintain desired LA pressures and Ao 

pressure (40 mmHg). Perfusion was initiated in a non-working (Langendorff) mode 

(NWM, Left atrial pressure = 0 mmHg) in all the perfused hearts. The coronary sinus blood 

flow and left atrial flow were measured using a TS410 Tubing Flow Module and two flow 

meters (Transonic, US). The physiologic working mode (WM) was achieved by increasing 

the left atrial pump revolutions per minute to maintain desired left atrial pressure (6 

mmHg).  

A combination (1:1) of whole donor blood (or leukocyte-depleted blood) and modified 

Krebs-Henseleit buffer containing 8% albumin used for the perfusate [5]. Glucose (500 

milligrams/hour), insulin (2 units/hour), and dobutamine (4 micrograms/minute) were 

infused during the perfusion.  

Blood gas analysis was performed on the perfusate samples collected from aortic root, 

and venous line (pulmonary artery), (ABL 800 blood gas analyser, Radiometer, US). A 

pH of 7.35-7.45, partial pressure of arterial oxygen (paO2) of 100-150 mmHg, and partial 

pressure of arterial carbon dioxide (paCO2) of 35-45 mmHg was maintained during the 

perfusion. At hours 0 (T0, start of perfusion), 5 (T5, mid-perfusion), and 11 (T11, late 

perfusion) after the start of the perfusion, perfusate samples were collected from the aortic 

root and were stored in -80 ˚C for further analysis. At the termination of ESHP, samples 

were taken from the anterolateral wall of the left ventricle and were flash frozen in liquid 

nitrogen and stored at -80˚C for later assessments. 

6.3.3. Study groups: 

ESHP was initiated in NWM with isolated aortic root perfusion in both groups. The 

perfusate was warmed from room temperature to 38˚C over a 1-hour period.  
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6.3.3.1. Working mode (loaded) perfusion group (n=5) 

After warming up (1-hour), hearts were transitioned to WM (left atrial pressure= 6 mmHg), 

AAI paced at 100 beats/minute, and were maintained in a loaded state over the remainder 

of the preservation period. 

Note: In the comparison between working mode perfusion with whole-blood-based versus 

leucocyte-reduced perfusates, we added another working mode experiment to our cohort 

in order to have balanced comparison groups with the total of 6 ESHPs per group.  

6.3.3.2. Non-working mode (unloaded) perfusion group (n=5) 

Hearts were maintained in an unloaded state throughout the preservation period (12 

hours) except for brief transitions into working mode to facilitate assessments of 

myocardial function and metabolism at T1, T5, and T11. 

6.3.3.3. In vivo control group (n=4) 

Samples from healthy in vivo porcine left ventricles were obtained to serve as normal 

heart control samples for subsequent analyses.  

6.3.3.4. Leucocyte reduced perfusate (WM-Lred) group (n=6) 

The whole blood from the donor pig was leukocyte depleted before priming the circuit 

using bedside leukocyte filters. After warming up (1-hour), hearts were transitioned to WM 

(left atrial pressure= 6 mmHg), and were maintained in a loaded state over the remainder 

of the preservation period. 

6.3.4. Assessment of myocardial metabolism 

6.3.4.1. Myocardial oxygen consumption and glucose utilization  

were measured as described before [3]. 
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6.3.4.2. Perfusate lactate  

Concentrations of venous and arterial perfusate were measured with blood gas analysis 

(ABL 800 blood gas analyser, Radiometer, US). 

6.3.4.3. Activity of adenosine mono phosphate (AMP)-activated protein kinase 

(AMPK)  

The activation state of AMPK, as one of the main regulators of energy metabolism was 

assessed in LV with immunoblot analysis of relative AMPK Thr172 phosphorylation [16]. 

6.3.4.4. Activity of creatine kinase (CK)  

The enzymatic activity of CK known as metabolic reserve of the myocardium, also 

negatively affected by oxidative stress [17] was assessed in the LV using a colorimetric 

assay kit (Abcam Inc, Cambridge, MA) according to the manufacturer’s instruction.  

6.3.5. Assessment of oxidative stress markers/responsive pathways  

6.3.5.1. Protein carbonylation 

Protein carbonylation, an indicator of protein oxidation [18], was measured in LV tissue 

using an ELISA kit (Abcam Inc, Cambridge, MA) according to manufacturer’s instructions.  

6.3.5.2. Malondialdehyde adduct 

Malondealdehyde (MDA) adduct, a marker of lipid peroxidation and oxidative stress [19] 

was measured in LV tissue with immunoblot analysis.  

6.3.5.3. Protein cysteine sulfonation  

The post-translational modification of cysteine residue of proteins (protein cysteine 

sulfonation) as a marker of oxidative stress and injury [20], was assessed in LV samples 

with immunoblot analysis. 
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6.3.5.4. Tissue glutathione content  

The total and reduced glutathione content, as a marker of anti-oxidant reserve of the 

myocardium and a marker of cell damage and leakage through the cell membrane [21, 

22], was measured in LV tissue using a colorimetric assay kit (Thermo Fisher, Waltham, 

MA). 

6.3.5.5. Pentose phosphate pathway (PPP) activity  

The activity of PPP, as the oxidative stress-responsive anabolic pathway of glucose 

producing nicotinamide adenine dinucleotide phosphate (NADPH) [23], was assessed in 

LV tissues measuring the activity of glucose-6 phosphate dehydrogenase (G6PH), the 

rate-limiting enzyme of PPP using a colorimetric assay kit (BioVision, San Francisco, 

USA).   

6.3.5.6. Hexosamine biosynthesis pathway (HBP) activity  

The activity of HBP as an accessory pathway of glucose involved in oxidative stress-

induced modifictions [23] was assesses with immunoblot analysis of downstream O-

linked N-acetylglucosamine (O-GlcNAc)-modified proteins.     

6.3.5.7. Activation of protein kinase B (Akt)  

Activation of Akt was assessed with immunoblot analysis of relative phosphorylation of 

Akt at Serine-473 (Ser473) and Threonine-308 (Thr308) [24] in LV tissues.  

6.3.6. Assessment of circulating markers of inflammation and oxidative stress  

6.3.6.1. Pro-inflammatory cytokines  

The perfusate concentrations of pro-inflammatory cytokines TNF-α, and IL-8 were 

measured using commercially available enzyme-linked immunosorbent assay (ELISA) 
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kits (R&D systems, US) in accordance with the manufacturer’s instructions. The values 

were compared between the starting point (T0) and T5 and T11 within each perfusion 

group, and also between the perfusion groups.  

6.3.6.2. Oxidized low-density lipoprotein  

The perfusate oxidized low-density lipoprotein (Ox-LDL) as a widely studied marker of 

oxidative stress [25] was assessed using an ELISA kit (My biosource, US) according to 

manufacturer’s instructions.  

6.3.7. Assessment of myocardial function 

Myocardial functional parameters were assessed after starting of ESHP at hour-1 (T1, 

early-perfusion), hour-5 (T5, mid-perfusion), and hour-11 (T11, late perfusion) in a 

physiologic working mode (left atrial pressure= 6 mmHg). The cardiac index (CI) was 

determined by measuring the blood flow through the left atrial line divided by the heart 

weight (mL.minute-1.gram-1).  

To assess maximum rate of pressure change (dP/dt maximum) and minimum rate of 

pressure change (dP/dt minimum) in the left ventricle (LV), a 5F pigtail catheter was 

placed in the LV via the subclavian artery. The LV stroke work (SW) was calculated as 

described before [3]. 

6.3.8. Myocardial injury 

6.3.8.1. Myocardial edema 

Edema formation was measured by the weight gained by the heart over the 12-hour 

ESHP and was reported as a percentage of initial heart weight as described previously 

[2]. 
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6.3.8.2. Troponin-I 

The perfusate cardiac troponin-I (cTn-I) was determined at T1, T5, and T11 using a 

porcine ELISA Kit (Life Diagnostics, US) and was adjusted with heart weight. 

6.3.8.3. Cytokine and oxidative stress response element gene expression  

RNA was extracted from LV tissue of the perfused hearts and in vivo samples using 

TRIzol reagent (Life technologies). cDNA expression of the following genes was 

measured as described previously elsewhere using Taqman RT-PCR (Termo Fisher 

Scientic & Applied Biosystems); Tnfα, IL-1β, IL-6, and Nuclear factor erythroid 2-related 

factor 2 (NRF2). Expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 

and β-actin were used as internal control. 

 

6.3.9. Statistical analysis 

The normally- distributed data (assessed with the Shapiro-Wilk test and evaluation of 

the histogram plot of the data distributions) were reported as the mean ± the standard 

error of the mean. The non-normally- distributed continuous data were transformed to 

normality using the “two-step transformation to normality” as described before (12) and 

were reported as median [Interquartile Range (IQR)]. The data were compared between 

the groups using the independent samples t-test, or the analysis of variance (one way-

ANOVA), followed by the Fisher’s Least Significant Difference (LSD) or Games-Howell 

post hoc tests where appropriate. The Welch correction was applied when the 

assumption of equal variances was not met. The overtime trend of changes within each 

group was assessed using a linear regression model. A 2-sided p-value < 0.05 was 
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considered statistically significant. The analysis was performed with the IBM SPSS 

statistics software (Version 21.0). 

6.4. Results: 

No difference was detected in donor animal weight or heart weight, myocardial ischemic 

time, defibrillation requirements for reanimation, and perfusion duration between the 

experimental groups. Similarly, the perfusate characteristics were not statistically different 

between the experimental groups (data not shown). 

6.4.1. Myocardial metabolism 

Myocardial oxygen consumption (MVO2), did not show a statistically meaningful change 

over the perfusion time in WM (T1: 3.55 [3.53,4.89], T5: 2.86 [2.50,3.68], T11: 3.55 

[2.31,4.17] mL/min/100g, p=0.303), but it showed a trend for overtime declining in NWM 

(T1: 4.45 [3.96,5.40], T5: 2.36 [1.62,3.69], T11: 2.67 [1.58,4.30] mL/min/100g  p=0.082). 

There was not a significant difference in MVO2 values between WM and NWM at T1 

(p=0.398). T5 (p=0.851), or T11 (p=0.149) (Figure 6.2A).  

Concentration of glucose was similar between WM and NWM during the whole 

perfusion (data not shown). Glucose utilization did not change significantly during the 

perfusion in either WM or NWM (p=0.220 and p=0.354 respectively) and it was higher in 

WM in mid-perfusion (T5-T7, p=0.026) and late perfusion (T9-T11, p=0.004) 

assessments during the perfusion but it was similar between WM and NWM in early 

perfusion (T1-T3, p=0.128) period.  

Venoarterial lactate difference did not change during the perfusion in either of the two 

perfusion groups (WM, p=0.153 and NWM, p=0.755), and there was not a statistically 
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meaningful difference between WM and NWM at T1 (p=0.78), T5 (p=0.372), or T11 

(p=0.337) (Figure 6.2B). 

The LV active, phosphorylated AMPK (compared to total AMPK) was similar between 

healthy in vivo LV samples and WM (p=0.22), but significantly lower in NWM compared 

to both in vivo and WM (p<0.001 and p=0.001 respectively), (Figure 6.3A). Similarly, 

whilst the enzymatic activity of creatine kinase, was significantly lower in NWM 

compared to in vivo and WM (NWM: 2.14 [1.40,3.17], in vivo: 4.11 [3.44,4.36], p=0.007 

and WM: 3.96 [3.19,4.22], p= 0.040 nmol/min/mL). There was not a difference between 

WM and in vivo (p=0.347), (Figure 6.3B). 

6.4.2. Oxidative stress markers/responsive pathways in left ventricular tissue 

Protein carbonylation in LV tissue, was significantly lower in in vivo compared to ex-situ 

perfused hearts (nmol carbonyl/mg protein, in vivo: 0.72 [0.30,0.86], WM: 3.68 

[3.51,6.45], p=0.022 and NWM: 5.42 [1.93,6.78], p=0.002,) (Figure 6.4A). LV MDA was 

also lower in in vivo compared to ex-situ perfused hearts (p=0.005) (Figure 6.4B). There 

was not a significant difference in the protein carbonylation or MDA between WM and 

NWM (p=0.232 and p=0.658 respectively). LV cystein sulfonation was significantly lower 

in in vivo compared to WM (p=0.023) and NWM (p=0.019), without a meaningful 

difference between WM and NWM (p=0.784) (Figure 6.4C). 

The LV tissue content of total glutathione was significantly lower in ex situ perfused hearts 

(µmol/L total glutathione in vivo: 82.10 [80.72,87.37], compared with WM: 31.40 

[28.57,39.37], p= 0.001, and compared with NWM: 39.90 [34.45,44.62], p=0.017). 

Similarly the LV reduced glutathione was lower in the perfused hearts compared to in vivo 

(µmol/L reduced glutathione in vivo: 72.65 [61.78, 74.28], compared with WM: 27.65 



254 
 

[25.35,33.52], p=0.001 and compared with NWM: 35.65 [29.25,38.25], p=0.017). There 

was not a difference in total glutathione content between WM and NWM (p= 0.060), 

however the reduced glutathione was lower in WM compared to NWM (p=0.047), (Figure 

6.5A&B). 

The enzymatic activity of G6PD, as the rate-limiting enzyme of PPP was significantly 

induced in ex-situ perfused hearts compared to in vivo (nmol/min/mL in vivo: 23.66 

[20.26,26.13] compared with WM= 32.20 [27.39,34.45], p=0.018, and compared with 

NWM= 29.26 [27.87,35.77], p=0.026) but it was similar between WM and NWM 

(p=0.942), (Figure 6.6A). The LV O-GlcNAc-modified protein concentration was higher in 

general in both WM and NWM compared to in vivo (p=0.002 and p<0.001 respectively), 

and it was also higher in NWM compared to WM (p=0.002), (Figure 6.6B).  

Akt phosphorylation (activation) at Threonine308 was induced in both of the ex-situ-

perfused groups compared to in vivo (WM p<0.001 and NWM p=0.005) and was higher 

in WM compared to NWM (p=0.026). Similarly, Akt phosphorylation at Serine473 was 

higher in both WM and NWM compared to in vivo (WM p<0.001 and NWM p=0.006). 

Serine473-phosphorylated Akt was not different between WM and NWM (p=0.053) 

(Figure 6.7A&B). 

6.4.3. Circulating markers of inflammation and oxidative stress 

Relative to the baseline (T0) values, the perfusate levels of TNFα significantly increased 

during ESHP in both groups (ng/mL WM, T0: 8.50 [3.50,43.00], T5: 6450 [1575,7750], 

T11: 5000 [1375,5825], p=0.034 and NWM T0: 0 [0,37.75], T5: 5650 [3375,8200], T11: 

3750 [2675,7250], p=0.003). There was not a statistically meaningful difference in TNFα 

values between WM and NWM at T0 (p=0.168), T5 (p=0.943), or T11 (p=0.851).  (Figure 
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6.8A). The perfusate concentration of IL-8, while non-detectable at T0, significantly 

increased by T5 in both groups (µg/mL WM, T5: 14250 [11787,16250], T11: 16250 

[15250,19300], p<0.001 and NWM T5: 11500 [10500,17000], T11: 18500 [15750,24125], 

p<0.001) (Figure 6.8B). There was not a difference in perfusate concentration of the IL-8 

between WM and NWM at T5 (p=0.597), or T11 (p=0.897). 

The perfusate Ox-LDL, while was non detectable at T0, significantly and continuously 

increased during perfusion in both groups (ng/mL WM, T5: 7.73 [6.24,9.26], T11: 20.00 

[15.11,21.73], p<0.001 and NWM T5: 5.30 [5.08,7.45], T11: 14.60 [12.91,18.03], 

p<0.001). There was not a significant difference in perfusate concentration of Ox-LDL 

between WM and NWM in T5 or T11 (p=0.225 and p=0.204 respectively) (Figure 6.8C). 

6.4.4. Myocardial function 

During 12 hours of ESHP, although the myocardial function in general declined regardless 

of the perfusion mode, the hearts perfused in WM had a better functional preservation. 

CI, while did not change in WM (p=0.083), significantly declined in NWM hearts (p=0.048). 

LVSW declined during the perfusion in both WM and NWM (WM p=0.027, NWM 

p=0.012), (Table 6.1). Max dp/dt, did not significantly change in either of the groups (WM, 

p=0.126 and NWM, p=0.509). Min dp/dt, did not change overtime in WM (p=0.199) 

however, it significantly declined in NWM (p=0.022). CI overtime preservation (T5/T1 and 

T11/T1) was significantly higher in WM compared to NWM at T5 (p<0.006) and T11 

(p<0.002). Similarly, preservation of SW was also better in WM at both T5 (p=0.048) and 

T11 p=0.013). Max dp/dt was preserved similarly in WM and NWM at T5 (0.188) and T11 

(p=0.558), min dp/dt was preserved significantly better in WM at T5 (p=0.013), and was 

similar between WM and NWM at T11 (p= 0.206), (Table 6.2). 
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6.4.5. Tissue injury 

The hearts in both WM and NWM gained a significant weight during the perfusion, 

reflecting formation of tissue edema (WM, start weight: 263.00 [229.00,276.00], end 

weight: 320.00 [288.00,339.00] p=0.003, NWM, start weight: 267 [230.50,350.00], end 

weight: 333.00 [270.50,426.00]  21.9±4 p=0.021). The percentage of the edema was not 

different between WM and NWM (% WM: 21.95 [20.00,28.86], NWM: 18.91 [13.76,31.56], 

p=0.231), (Figure 6.9 A).  

The concentration of cTnI in the perfusate, while non-detectible at T0, significantly 

increased during perfusion in both WM and NWM, (ng/mL WM, T5: 31.50 [28.50,39.00], 

T11: 105.20 [87.00,118.10], p<0.001 and NWM T5: 33.50 [26.25,41.75] T11: 134.73 

[114.57,150.00], p<0.001). The cTnI at T5 values was not statistically different between 

WM and NWM (p=0.654), however cTnI at T11 was significantly higher in NWM (p=0.034) 

(Figure 6.9 B). 

6.4.6. Effects of ex-situ perfusion of heart with leukocyte-depleted blood-based 

perfusate 

There was not a significant difference in in vivo leukocyte count between Lred-WM, and 

WM (with whole blood-based perfusate), (p=0.669). The leukocyte-depleted perfusate 

had significantly lower leukocyte count at the start of the perfusion (T0), (in vivo leukocyte: 

12.37 [11.19-13.63]* 109*L-1, T0: 0.15 [0.03-0.53]* 109*L-1). The WM perfusion with 

leukocyte-depleted perfusate did not improve myocardial functional preservation when 

compared with whole blood-based perfusate. Very interestingly, the pro- 
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inflammatory cytokines, markers of oxidative stress, and activity of oxidative stress-

responsive anabolic pathways of glucose metabolism, were similar between the two 

strategies (Table 6.3 and Figure 6.10). Perfusate cTN-I during perfusion was similar at 

T0, T5, and T11 between WM and WM-Lred (p=0.65, p=0.56, and p=0.082 respectively), 

and tissue edema were also similar between WM and WM-Lred (p= 0.429). 

In assessment of the expression of inflammatory cytokine genes and oxidative stress-

responsive element NRF2 gene, interestingly, the expression of IL-1β was significantly 

lower in the both WM (p=0.045) and WM-Lred (p=0.002) compared to in vivo however, 

the values were similar between WM and WM-Lred groups (p=0.991). Similarly, IL-6 gene 

expression was also lower in WM (p=0.004) and WM-Lred (p=0.028) compared to in vivo 

and values were not different between WM and NWM (p=0.99). The gene expression of 

TNF-α was not statistically different between the groups (p=0.805). On the other hand, 

the expression of NRF-2 gene, was lower in WM compared to in vivo (p=0.002), while it 

was similar between WM-Lred and in vivo (p=0.21). In the meanwhile, there was no 

significant difference between WM and WM-Lred either (p=0.35), (Figure 6.11). 

6.5. Discussion: 

6.5.1. Oxidative stress and inflammation develops during ESHP, while the cardiac 

antioxidant reserve and myocardial function decline  

The time-dependent decline of the cardiac function has been frequently observed in 

experimental ESHP, and has raised question about the potentials of ESHP for superior 

preservation of the donated heart compared to cold storage [3-6].  While the development 

of oxidative stress and/or inflammation, and related cardiac dysfunction in the context of 
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clinical extracorporeal circulation (such as CPB and ECMO) are well established [26, 27], 

there is a significant gap in the literature about these phenomena in the setting of ESHP.  

The systematic oxidative stress developed during clinical extracorporeal circulation may 

be associated with ischemia reperfusion injury (IRI), sequestration of natural antioxidants 

and the microelements necessary for their activity by the circuit components, activation 

of the immune, and contact systems due to contact of the blood elements with artificial, 

non-endothelialized surfaces of the circuit, and hemolysis [8, 9, 28, 29]. Thus, the 

oxidative stress may develop in a continuous fashion during the perfusion [30]. In the 

present study, alongside the functional decline, the markers of oxidative stress/damage 

were also induced in the LV tissue of the ex-situ perfused hearts. Malondialdehyde, a 

terminal product of lipid peroxidation, and products of oxidative modification of proteins 

(carbonylated and sulfonated proteins) were all significantly higher in ex-situ perfused 

hearts compared to healthy in vivo LV samples regardless of the perfusion mode (WM 

and NWM). These end products are not solely the markers of oxidative stress, but also 

play a role in the oxidative stress-induced cardiac dysfunction and failure. In a model of 

isolated rat myocyte, Folden et al. showed that MDA can directly suppress contractile 

function of the heart via p38 mitogen-activated protein kinase (MAPK) phosphorylation 

(activation).The related deleterious effects were reduced by antioxidative compounds 

[19]. In a study by Ichihara et al. on a hamster model of cardiomyopathy, while 

carbonylated protein content of LV showed a negative correlation with ATP content of LV, 

it had a correlation with plasma cTn-I [31]. Carbonylated proteins that are the major 

products of protein oxidation, can react with lysine residues of other proteins as well, 

eventually leading to the formation of protein aggregates. Such protein aggregates may 
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not be degradable by normal cellular mechanisms thus, may exacerbate accumulation of 

oxidation-modified proteins and related cellular dysfunction [18].  High levels of reactive 

oxygen species, H2O2 in particular, cause hyperoxidation of cysteine residues of proteins 

leading to irreversible sulfination and/or sulfonation, which is considered as an oxidative 

damage-related modification, rather than having a signalling role. Sulfonation of cysteine 

residues may be involved in dysfunction of the mitochondrial complex-I and cell damage 

and death in the myocardium subjected to oxidative stress [20, 32, 33]. Besides the 

significant increase in the markers of oxidative stress and damage in the LV tissue of the 

ex-situ perfused hearts, the LV tissue content of total and reduced glutathione were 

significantly lower in ex-situ perfused hearts compared to in vivo. The myocardial 

glutathione depletion, which also reflects the deficiency in its circulating/systemic 

concentrations, has been suggested to have a strong association with myocardial 

functional and structural abnormalities in various pathologic cardiac conditions. Similarly, 

depletion of myocardial glutathione may be associated with impaired recovery of function 

in isolated perfused hearts after being exposed to global ischemia [34, 35]. 

In agreement with our previous observations [8], in the present study the levels of pro-

inflammatory cytokines TNF-α and IL-8 significantly increased during perfusion, reaching 

to quite high concentrations in a few hours after the start of the perfusion. The pathologic 

conditions accompanied by increased circulating pro-Inflammatory cytokines (e.g. septic 

shock) are associated with cardiac dysfunction and failure. Increased levels of pro-

inflammatory can be induced by RONS, and can also further induce oxidative stress and 

damage in a maladaptive cycle [36]. Thus, in the setting of ESHP, increased 

concentrations of circulating pro-inflammatory cytokines may cause/exacerbate oxidative 
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stress and contribute to the functional decline of the heart. Similarly, the perfusate level 

of Ox-LDL, which is generated mainly within the vascular wall, significantly increased 

throughout the perfusion in both WM and NWM, suggesting the ongoing oxidative stress 

the myocardial tissue is exposed toward. Ox-LDL, can directly induce negative inotropic 

and lusitropic effects on heart, independent of the risk factors such as age, blood 

pressure, and cholesterol levels [25, 37].  

6.5.2. Oxidative stress-responsive anabolic pathways are induced during ESHP 

Efficiency of energy metabolism is essential for a healthy functioning heart. Numerous 

vital processes in the cell may be altered by oxidative stress and inflammation, including 

energy metabolism. The effects of oxidative stress on energy metabolism, is well-

investigated in cancer. Interestingly, the recent evidence suggests that similar 

modifications occuring in cancer may occur in non-neoplastic conditions such as heart 

failure [38]. We have shown previously that the actvity of pyruvate kinase (PK), which 

catalizes the final step of glycolysis was lower in ex-situ-perfused pig hearts compared to 

in vivo. At the same time, expression of  M2 isoform of PK (PKM2) which acts as a gear 

to divert glycolysis to the anabolic pathways was higher in ex-situ-perfused hearts [3]. 

The anabolic pathways of glucose such as PPP and HBP, are important pathways in 

regulation of glucose metabolism in cardiomyocytes and are involved in antioxidant 

defence and/or oxidative stress-induced modifications [23]. Here, we observed a higher 

activity of PPP and HBP in ex-situ perfused hearts compared to in vivo. The PPP activity 

was similar between WM and NWM but the HBP activity was significantly higher in NWM 

compared to WM. The activity of PPP increases in response to oxidative stress, to 

maintain the redox status of the cell by generation NADPH which retains the pool of 
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reduced anti-oxidants such as reduced glutathione. Paradoxically, hyperactivation of PPP 

may lead to production of superoxide and thus, exacerbate oxidative stress and related 

damage [39-41]. 

The HBP although is important for maintenace of cardiovascular function, but its  activity 

can be induced by oxidative stress through inhibition of the rate-limiting enzyme of 

glycolysis pathway, glyceraldehyde-3-phosphate dehydrogenase leading to increased 

utilization of glucose, acetyl-coA, and glutamine by HBP. Increased O-linked GlcNac 

modification of proteins may alter the function of proteins, and cause mitochondrial 

impairment, cell death and cardiac mechanical dysfunction [41-43]. Thus, hyperactivation 

of PPP and HBP in the context of persistent oxidative stress may contribute to the 

inefficiency of energy-yielding metabolism and the functional decline of the ex-situ 

perfused hearts. 

6.5.3. Ex-situ perfusion of the heart in semi-physiological workload does not 

exacerbate oxidative stress and related responses 

In the present study, numerous markers of inflammation and oxidative stress were 

induced in both LV tissue and perfusate during ESHP. However, oxidative stress-related 

markers and modifications developed with comparable values in NWM and WM. This was 

an interesting observation since the hearts perfused in the WM for majority of the time 

during ESHP, endured semi-physiological workloads during this process. Thus, when 

compared to empty-beating NWM hearts, the hearts perfused in the WM had higher 

energy demand and energy production dynamic in the mitochondria. In the meanwhile, 

the LV values of glutathione were lower in the perfused hearts when compared to in vivo, 

suggesting decreased antioxidative potential of the perfused hearts. In this situation, 
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higher energy demands and production in WM could have lead to higher production of 

ROS and thus oxidative stress related modifications/markers in WM compared to NWM, 

particularly with the lower reduced glutathione levels in the WM. This observation 

suggested that in ESHP 1) the development of oxidative stress is a general consequence 

of extracorporeal perfusion regardless of the workload and 2) ex-situ perfusion of the 

heart in the semi-physiologic workloads is not associated with exacerbation of the 

oxidative stress.   

6.5.4. The effectors of myocardial metabolic reserve and survival alter in a load-

dependent manner during ESHP 

In the present study, the activity of AMPK and CK were similar between WM hearts and 

healthy in vivo controls while were significantly lower in NWM hearts.  AMPK and CK have 

a key role in regulation of metabolism and ATP availability in the myocardium, and 

contribute to cardiomyocyte function and viability [16, 44]. AMPK activation also induces 

antioxidant defence through activation of several antioxidant genes including superoxide 

dismutase gene during oxidative stress, and maintaining cellular NADPH [45, 46].  

Oxidative stress is known to impair the activity of CK however, the WM hearts preserved 

the activity of CK in the presence of oxidative stress, while NWM hearts maintained lower 

CK activity compared to in vivo and WM. The activation of AMPK and CK are among the 

important mediators of the cardioprotection induced by the ventricular wall stretch and 

contraction [47-49]. Thus, the semi-physiologic ventricular wall stretch and heart chamber 

pressures during ESHP in WM hearts, may lead to preservation of AMPK and CK activity, 

and exert cardioprotective effects during ex-situ perfusion. 
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In the presence of oxidative stress, protein kinase B (Akt) activation may be induced as 

a part of cell’s protective mechanisms [50].  Here, phosphorylation of Ser473 and Thr308 

(both required for full activation of Akt) was significantly induced in the perfused hearts in 

comparison to in vivo. Activation of Akt is critical for the basic function of cardiomyocytes 

and exerts cardioprotective effects. Upon activation, Akt migrates to different sites in the 

cell (e.g. plasma membrane, mitochondria, and nucleus), and through regulation of 

various key effectors, it can improve metabolism, inotropism, and survival in short term, 

but long term activation may lead to cardiac dysfunction and failure [24, 51]. Here, while 

Thr308 phosphorylation of Akt was higher in WM compared to NWM, Ser473 

phosphorylation was not statistically different between WM and NWM. Phosphorylation 

of Akt at Thr308 is mainly regulated by phosphoinisitide-dependent kinase-1 (PDK1) 

enzyme, however, phosphorylation at Ser473 is mostly dependent on the mammalian 

target of rapamycin complex2 (mTORC2). It has been reported that lower Ser437 

phosphorylation in the favor of enhanced Thr308 phosphorylation may have 

cardioprotective effects [52, 53]. This is also in accordance with our observations in the 

present study that myocardial workload during ESHP may affect induction of the stress-

responsive pathways including Akt. On the other hand, Akt activation is known to blunt 

AMPK activation. While Akt activation has an inhibitory effect on AMPK activation, 

oxidative stress induces AMPK and Akt activation simultaneously, balancing the 

metabolism and redox status of the cell [54]. Interestingly in the present study, despite 

higher activation of Akt in WM hearts, they preserved AMPK activation in the presence of 

oxidative stress while the hearts ex-situ perfused in NWM had lower AMPK activation 

compared to in vivo controls and WM.  
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Due to the sub-physiologic workload and wall stretch in NWM hearts, the induction and 

maintenance of AMPK activation may not occur efficiently in NWM-perfused hearts 

particularly when exposed to stimuli such as oxidative stress. This phenomenon may be 

associated with the more severe functional decline in NWM compared to WM hearts as 

was observed here. 

6.5.5. Perfusion in WM is associated with superior functional preservation and 

lower myocardial damage 

Despite similar perfusate and LV values of the markers of oxidative stress and 

inflammation, and comparable edema formation in WM and NWM, and in accordance 

with our previous observations, the hearts perfused in the semi-physiological WM 

preserved their function significantly better over 12 hours of normothermic ESHP. The 

mechanisms for this phenomenon may have not been clarified yet however, the superior 

functional preservation in WM may be associated with maintained AMPK and CK activity 

status in WM which may have protective effects against stresses such as oxidative stress 

and inflammation.  

Similarly, cTn-I leak was lower in WM compared to NWM hearts in extended perfusion 

times. According to studies by our group and others, the release of cTn-I may not always 

reflect the ultimate cell necrosis and death but may be related to reversible myocardial 

stress. Thus, the hearts perfused in WM may not only provides a tool for functional 

assessment of the heart during ESHP, may offer better cardiac protection against stress 

and stimuli during ESHP.    
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6.5.6. Leukocyte depletion of the blood-based perfusate does not improve 

myocardial functional preservation and does not attenuate inflammation and 

oxidative stress during ESHP 

Clinical ESHP id performed with leukocyte-depleted donor blood to minimize/prevent 

inflammatory responses during ESHP [1]. Interestingly, in the present study, depletion of 

leukocyte in the perfusate (to less that 5% of the original values) did not made a significant 

improvement in the inflammatory and oxidative stress during perfusion, and also it did not 

improve the functional preservation of the heart, or edema formation during ESHP. This 

observation suggests that during ESHP, there may be sources other than leukocytes that 

significantly contribute to inflammation in this setting. Although some non-immune tissues 

including myocardial cells have been suggested to act like analogue of immune cells, and 

produce pro-inflammatory mediators including cytokines. However, here we did not detect 

any increased expression of cytokine genes in the perfused hearts compared to in vivo. 

This observation, may suggest that while the production of cytokines by myocardial cells 

may not particularly increase during ESHP, yet, 1) they may release their pro-

inflammatory cytokine stores to the perfusate [56,57], and/or 2) red blood cells may 

release their cytokine stores as a result of extracorporeal circulation-related mechanical 

stress and hemolysis [57]. Such alterations may have a significant contribution to 

development of inflammatory and oxidative stress responses during ESHP, and warrant 

more studies. 
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6.6. Study limitations: 

The ischemic times in this study are negligible and do not reflect current clinical practice 

as our main aim was to investigate ESHP-related oxidative stress and related alterations 

in metabolism that could have been impacted by a significant ischemia-reperfusion injury. 

Therefore, in this study, the hearts were not exposed to longer ischemic times prior to 

initiation of ESHP. Due to unstability of RNOS, we did not assessed the RNOS directly in 

the perfusate and myocardial tissue and instead measured to different markers of 

oxidative stress. 

6.7. Conclusion 

Myocardial function deteriorates gradually during ESHP while oxidative stress-related 

proteins and lipid modifications occur in both perfusate and LV tissue, suggesting that the 

heart is exposed to persistent oxidative stress during ESHP that may have a key role in 

the functional decline. Only the hearts perfused in WM preserve the activation status of 

some of the enzymes with a key role in myocardial energy metabolism and reserve and 

cardioprotection and ESHP in semi-physiological workloads improves the functional 

preservation of the during the perfusion. For improving preservation of the function and 

viability of the ex-situ perfused heart, optimising the clinical protocols of ESHP including 

1) perfusion in more physiological workloads, and 2) addressing persistent oxidative 

stress, and related alterations to energy-yielding metabolism is inevitable.  
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6.11. Tables and figures: 
 

Table 6.1. Left ventricular function parameters during ex-situ heart perfusion in working 

mode and non-working mode groups 

Parameter 
 

 T1 T5 T11 p-
value 

CI (mL/min/g) WM 7.72±2.22 6.28±1.36 5.62±1.21   0.060 

NWM 7.02±3.03 3.83±1.97 2.61±1.46   0.008 

SW (mmHg*mL) WM 1000 [823,1945] 1233 [849,1258] 815 [601,1017]   0.215 

 NWM 1061 [939,1466] 455 [3.13,802] 357 [201,645]   0.001 

dP/dT max (mmHg/s) WM 1623±532 1039±311 1113±222   0.065 

 NWM 1278±278 1121±279 1102±589   0.495 

dP/dT min (mmHg/s)      WM -1155 [-606,-1318] -1044 [-616,-1224] -630 [530,813]   0.115 

     NWM --921 [-718,-1012] -595 [-500,-763] -444 [-276,-723]   0.027 

ME (%)     WM 5.95 [5.26,6.42] 5.66 [4.76,10.68] 11.69 [10.49,24.15]   0.003 

     NWM 6.20 [3.23,6.97] 4.96 [2.12,7.66] 5.86 [4.85,22.45]   0.869 

Data are reported as median [IQR] or mean±SD. CI, cardiac index; dP/dT max, 

maximum rate of pressure change; dP/dT min, minimum rate of pressure change; 

NWM, non-working mode perfusion; SW, stroke work 
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Table 6.2. Preservation of left ventricular function over perfusion time, relative to 

baseline values assessed at T1, compared between WM and NWM groups 

preserved function group T5 T11 

CI  %  WM 81.04 [75.85,91.17] 72.16 [68.13,80.97] 

 NWM 51.35 [42.50, 64.63] 40.00 [25.83, 52.53] 

 p-value 0.006 0.002 

SW %  WM 82.00 [65.20,130.74] 63.48 [52.01, 84.98] 

 NWM 40.19 [29.11, 66.34] 34.86 [20.98, 45.17] 

 p-value 0.048 0.013 

 dP/dT max %  WM 69.60 [47.42,90.48] 68.34 [58.57, 87.42] 

 NWM 91.20 [71.08,104.46] 73.01 [48.57,127.72] 

 p-value 0.188 0.558 

dP/dT min %   WM 96.02 [82.87,108.18] 79.74 [62.25, 90.79] 

 NWM 72.74 [62.01, 8023] 60.90 [32.16, 78.68] 

 p-value 0.013 0.181 

ME % WM 100.00 [91.67,163.10] 240.00 [160.71,400,00] 

 NWM 100.00 [61.67,107.17] 133.33 [71.43, 520.00] 

 p-value   

 

     Data are reported as median [IQR]. CI, cardiac index; dP/dT max, maximum rate of 

pressure change; dP/dT min, minimum rate of pressure change; NWM, non-working mode 

perfusion; PRSW, preload recruitable stroke work; SE, standard error of the mean; SW, 

stroke work; WM, working mode perfusion.  
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Table 6.3. Preservation of left ventricular function over perfusion time, relative to 

baseline values assessed at T1, compared between WM with whole blood-based 

perfusate and WM with leukocyte-depleted perfusate  

preserved function group T5 T11 

CI  %  WM 80.2 [72,87.5] 75.16 [67.13,85.97] 

 WM-Lred 71.35 [57.50, 77.63] 63 [44.83, 78.50] 

 p-value 0.310 0.699 

SW %  WM 78.00 [66.20,110.74] 73.48 [59.01, 83.98] 

 WM-Lred 61.19 [40.11, 77.34] 53.86 [32.98, 73.17] 

 p-value 0.394 0.699 

 

Data are reported as median [IQR]. CI, cardiac index; SW, stroke work; WM, working 

mode perfusion with whole blood-based perfusate, WM-Lred, working mode perfusion 

with leukocyte-depleted perfusate .  
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Figure 6.1. Schematic diagram of the ex-situ heart perfusion circuit.  

A, organ chamber and supporting silicone membrane; B, venous reservoir; C, arterial 

line filter; D, left atrial pump; E, Aortic pump; F, oxygenator; G, heat exchanger; H, 

medical gas mixer; I, infusion line; J, pressure sensor; K, Flow sensor; H,; Ao, aorta; LA, 

left atrium; PA, pulmonary artery. 
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Figure 6.2. A: Myocardial oxygen consumption B: Lactate difference between arterial 

and venous perfusate 

Data are shown as median [IQR]. MVO2, myocardial oxygen consumption; NWM, non-

working mode perfusion; T(x); x: hours after the start of the perfusion; WM, working 

mode perfusion; *, significant overtime change within group 
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Figure 6.3.  Enzymatic activity of AMPK and Creatine kinase A: Immunoblotting of cell 

lysate prepared from LV samples, using the indicated antibodies. 

 B: Phosphorylated, relative to total AMPK in left ventricular tissue of ESHP hearts 

compared to in vivo. C: Enzymatic activity of creatine kinase in left ventricular tissue of 

ESHP hearts compared to in vivo 

AMPK, adenosine monophosphate kinase;  INV, in vivo; n.s, no significant difference 

between the groups; NWM, non-working mode perfusion; p-AMPK, phosphorylated, 

active adenosine monophosphate kinase; WM, working mode perfusion 
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Figure 6.4. Markers of oxidative stress in the LV tissue.  

A: Carbonylated proteins in left ventricular tissue of ex-situ perfused hearts compared to 

in vivo B: Immunoblotting of cell lysate prepared from LV samples, using the indicated 

antibodies. C: Malondialdehyde adducts in left ventricular tissue of ex-situ perfused 

hearts compared to in vivo. D: cysteine sulfonated proteins in left ventricular tissue of 

ex-situ perfused hearts compared to in vivo 

INV, in vivo; n.s, no significant difference between the groups; MDA, malondialdehyde; 

NWM, non-working mode perfusion; WM, working mode perfusion 
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Figure 6.5. Glutathione content of the   

LV tissue A: Total glutathione in left ventricular tissue of ex-situ perfused hearts compared 

to in vivo. B: Reduced glutathione in left ventricular tissue of ex-situ perfused hearts 

compared to in vivo. 

INV, in vivo; n.s, no significant difference between the groups; NWM, non-working mode 

perfusion; WM, working mode perfusion 
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Figure 6.6. Induction of the anabolic pathways of glucose 

A: Enzymatic activity of glucose 6-phosphate dehydrogenase in left ventricular tissue of 

ex-situ perfused hearts compared to in vivo. B: Immunoblotting of cell lysate prepared 

from LV samples, using O-linked N-acetylglucosamine primary antibody. C: O-linked N-

acetylglucosamine- modified proteins in left ventricular tissue of ex-situ perfused hearts 

compared to in vivo. 

G6PD, glucose 6-phosphate dehydrogenase; INV, in vivo; n.s, no significant difference 

between the groups; NWM, non-working mode perfusion; O-linkedGlcNAcylation, O-

linked N-acetylglucosamine- modification; WM, working mode perfusion 
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Figure 6.7. Activation of protein kinase B (Akt) 

A: Immunoblotting of cell lysate prepared from LV samples, using primary antibodies 

against total, threonine 308, and serine 437 phosphorylated Akt. B: Threonine 308 

phosphorylated Akt relative to total Akt in left ventricular tissue of ex-situ perfused 

hearts compared to in vivo C: Serine 437 phosphorylated Akt relative to total Akt in left 

ventricular tissue of ex-situ perfused hearts compared to in vivo 

INV, in vivo; n.s, no significant difference between the groups; NWM, non-working mode 

perfusion; p-Akt, phosphorylated Akt; WM, working mode perfusion 
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Figure 6.8. Perfusate markers of inflammation and oxidative stress 

A: Perfusate concentrations of tumor necrosis factor-alpha during ex-situ heart 

perfusion. B: Perfusate concentrations of interleukin 8 during ex-situ heart perfusion. C: 

Perfusate concentrations of oxidized low density lipoproteins during ex-situ heart 

perfusion. 

IL-8, interleukin 8; NWM, non-working mode perfusion; TNF-α, tumor necrosis factor-

alpha ;T(x); x: hours after the start of the perfusion; WM, working mode perfusion; *, 

significant overtime change within group 
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 Figure 6.9. Myocardial tissue damage 

A: Myocardial edema developed during ex-situ heart perfusion. B: Perfusate 

concentrations of cardiac troponin-I during ex-situ heart perfusion. 
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Figure 6.10. Markers of inflammation and oxidative stress between perfusion with 

whole blood-based perfusate, and leukocyte-depleted perfusate 

A: Perfusate concentrations of interleukine 1β, tumor necrosis factor-alpha, and 

oxidized low density lipoprotein during ex-situ heart perfusion. B: Left ventricular 

malondialdeyde and protein sulfonation. C: Left ventricular pentose phosphate (glucose 

6-phosphate enzyme) activity and hexosamine biosynthesis pathway (N-acetyl 

glucosamination) activity  

G6PD, glucose 6-phosphate dehydrogenase enzyme activity; IL-1β, interleukin 1β; INV, 

in vivo; MDA, malondialdehyde; O-GlcNAc, N-acetyl glucoseamination; Ox-LDL, 

oxidized low density lipoprotein; TNF-α, tumor necrosis factor-alpha;T(x); x: hours after 

the start of the perfusion; WM, working mode perfusion with whole blood-based 

perfusate; WM-Lred, working mode perfusion with leukocyte-depleted perfusate   
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Figure 6.11. Expression of pro-inflammatory cytokines genes and oxidative stress-

responsive element NRF2 in myocardial tissue of the hearts perfused with whole blood-

based perfusate, and leukocyte-depleted perfusate 

  

IL-1β, interleukin 1β; IL-6, interleukin 6; NRF2, nuclear factor erythroid 2-related factor 2; 

TNF-α, tumor necrosis factor-alpha ; WM, working mode perfusion with whole blood-

based perfusate; WM-Lred, WM perfusion with leukocyte-depleted perfusate 
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Chapter 7: Summary and future directions 

 

7.1. Preservation methods for the donor heart 

Despite the considerable progress made in the medical treatment of heart failure, and 

mechanical circulatory assist devices, heart transplantation remains the gold standard 

treatment for end-stage refractory heart conditions [1]. However, the number of patients 

with heart failure has been increasing [2], reflected to a higher number of patients on the 

waiting list for a heart transplant, creating a shortage for heart transplants. The shortage 

of the donor heart has rendered heart transplantation a less reliable treatment modality, 

despite being the gold standard of the treatment [3].  

Since the first human heart transplantation in 1967 by Christian Barnard, the whole 

process has evolved significantly, leading to excellent outcomes. However, the standard 

of care for organ preservation remains to be cold static storage (CSS), [1]. Cold storage, 

although is a very simple and quite inexpensive method of preservation, it comes with 

significant limitations as well. Cold storage, exposes the heart to a period of cold ischemia 

which cuts the safe preservation times to a maximum of 4-6 hours in an ideal donor heart. 

It has also been demonstrated that prolonged cold ischemia is associated with an 

increased risk of primary graft dysfunction and failure which is the most frequent cause 

of death during the first 30 days after heart transplantation [4-6]. Meanwhile, due to the 

static condition of organ in CSS, assessment of the function, metabolism and in general 

viability of the donated heart would not be possible [1]. 

Considering the current shortage of donor hearts, the attentions are inclined toward 

expanding the pool for available donor hearts by including the marginal, sub-optimal 
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donor hearts. Such donor hearts may include the heart from non-ideal donors, or from the 

donors with circulatory criteria-determined death (DCD) [1, 3]. These extended-criteria 

donor hearts are already vulnerable/damaged, due to the donor characteristics (e.g. older 

age, smoking, diseases), or DCD. Thus, CSS would not be suitable for preservation of 

these hearts because 1) the cold ischemia endured during CSS will damage the already-

sub-optimal hearts, and 2) it will not provide a platform to assess the eligibility of the 

hearts which have endured a damage/insult in peri-procurement period (DCD hearts) [3, 

6].  

Ex-situ heart perfusion (ESHP) is an emerging technology, which provides a platform for 

extracorporeal preservation of the donor heart, while it is being perfused adequately, in a 

dynamic, beating state [7]. Thus, not only it spares the donor heart from the CSS-related 

ischemia, but also the viability of the donor heart can be evaluated in this platform, and 

may potentially improve the condition of the donor heart with therapeutic interventions 

during the ex-situ perfusion [1, 8]. 

The ESHP method of preservation, has been described in both hypothermic and 

normothermic setting. Interestingly, hypothermic ESHP has bee applied during the early 

years of heart transplantation for organ preservation [9, 10] but soon it was discarded by 

the introduction of SCS method in combination with cardioplegic arrest, which was a 

simpler and less expensive method and was considered adequate for preservation of the 

donor heart at the time. However, soon it became obvious that CSS is a less-than-optimal 

method of preservation [11]. Hypothermic ex-situ perfusion has been performed in many 

different setting regarding the devices and perfusate compositions so far [5, 12-15], but 

regardless, The necessary setting for hypothermic ESHP is less sophisticated and cost-
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demanding when compared to normothermic ESHP [1]. The technology of hypothermic 

ESHP, has shown promising results including the successful first human heart transplant 

using Steen’s perfusion system in Sweden [16]. It is also possible to perform some 

viability and functional assessment during preservation time using methods such as 

diffusion tensor magnetic resonance imaging, myocardial pH tracing, or by placing an 

inflatable flexible balloon inside LV to measure its contractility [6, 15]. However, this 

technology has not been applied widely due to the concerns about diastolic dysfunction that 

may occur as a result of significant myocardial edema formation during hypothermic ESHP, and 

the impossibility of a reliable functional assessment with more widely and universally used 

myocardial function parameters, and less invasive methods under hypothermic conditions 

[3, 16, 17].  

Normothermic ESHP, on the other hand, is a better replication of the in vivo conditions, 

and both function and metabolism of the heart may be assessed in this setting prior to 

transplantation [8, 18]. Yet, due to the high metabolic demands of the heart in semi-

physiological conditions, and its general sensitivity against stresses such as ischemia, 

management of the heart in a normothermic ESHP may be more challenging [1]. 

Regardless, there has been a strong body of evidence suggesting that normothermic 

ESHP is a superior method for preservation of the donor hearts, facilitating transplantation 

of the hearts from extended-criteria donors, contributing to the donor pool size [7, 19, 20]. 

7.2. Functional decline of the heart during ESHP  

Despite the promising potentials of ESHP, experimental studies including studies 

performed by our team, as well as clinical case reports [20, 21] have shown that 

myocardial function declines significantly in a time–dependent fashion during ESHP [21]. 
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Similarly, in the present project series, we observed that myocardial function deteriorated 

gradually during ex-situ perfusion. There has been a considerable lack of evidence 

regarding the underlying mechanisms responsible for this phenomenon. Part of this lack 

of evidence is related to the fact that the1) ESHP, while employed for many years as a 

platform to study the heart [22], the concept of using this setting as a method for 

preservation of the donated heart is fairly new, and 2) currently, the clinical device for 

ESHP does not offer a platform for functional assessment of the heart [1]. These 

observations raise reg flags for efficiency of the currnt clinical protocols for assessment 

and protection of the heart in the setting of normothermic ESHP. In this thesis, we 

explored some of the potential mechanisms for this phenomenon. 

Among the most commonly-identified etiologies of cardiac dysfunction and failure are cell 

death and metabolic inefficiency. In this thesis, we observed a negligible increase in the 

rate of cell death in ex-situ perfused hearts (12 hours), compared to in vivo samples. 

Thus, the development of myocardial dysfunction during ESHP could have a metabolic 

origin. The heart is a highly energy-demanding organ, thus efficient support of the energy-

yielding metabolites in essential during normothermic ESHP. We demonstrated that the 

concentration of the free fatty acids (FFAs), as the main source of energy in 

cardiomyocytes, is rapidly depleted in the whole blood-based perfusate [23].   

Current ESHP protocols rely mainly on exogenous glucose as an energy substrate [7]; 

however, experimental data suggest that glucose may not participate efficiently in energy-

yielding catabolism during ESHP [24, 25]. Here, we also demonstrated that alongside the 

decreasing myocardial oxygen consumption overtime in ESHP, the activity of some of the 

key enzymes of the glycolysis pathway (pyruvate kinase, PK) also decreases. This was 
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accompanied by an alteration in expression of the isoforms of the PK, in a similar way 

with cancer cells adopting to the oxidative environment with altering energy-yielding 

metabolism of glucose [23, 26]. We demonstrated that catabolism of glucose, is diverted 

to anabolic pathways, pentose phosphate pathway (PPP), and hexosamine biosynthesis 

pathway (HBP) [26]. These observations strongly suggested that metabolic 

alteration/inefficiency plays an important role in the decline of cardiac function during 

ESHP.  

7.3. Extracorporeal perfusion-related alteration and their effect of the heart during 

ex-situ perfusion, a neglected topic 

Extracorporeal mechanical circulation systems are routinely utilized to support the body 

circulation during cardiac surgery (cardiopulmonary bypass, CPB), and to support blood 

ventilation in patients with critical heart or lung conditions (extracorporeal membrane 

oxygenation, ECMO). The mechanical circulation systems are associated with induction 

of systemic inflammatory response (SIRS) and systemic oxidative stress in exposed 

patients, negatively affecting the outcomes [27, 28]. Ischemia reperfusion injury (IRI), 

sequestration of natural antioxidants and the microelements necessary for their activity 

by the circuit components, and activation of the immune system and contact system due 

to contact of the blood elements with artificial, non-endothelialized surfaces  of the circuit, 

and hemolysis and release of free heme into the circulation are among the most important 

underlying factors [27-29]. Oxidative stress refers to the loss of the balance between the 

production of reactive oxygen and nitrogen species (RONS), and antioxidant defences. It 

causes damage to the cell structures/organelles, mitochondrial dysfunction, disrupts 

energy-yielding metabolism, and results in myocardial cell dysfunction [30, 31] and may 
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occur to be an ongoing, persistent phenomenon occurring during the extracorporeal 

circulation, overwhelming some other important etiologies such as IRI [32]. In this thesis, 

we showed that various markers of inflammation and oxidative stress are induced in 

perfusate and myocardial tissue of pig hearts during a 12-hour period of normothermic 

ESHP. This observation was accompanied with the induction of oxidative stress-

responsive elements/ pathways including protein kinase B (Akt), PPP and HBP. 

Moreover, we detected a significant reduction in myocardial tissue content of glutathione 

know as the major antioxidant of the cell. Our observations strongly suggest that similar 

to widely used clinical extracorporeal life support systems, inflammation and oxidative 

stress develop significantly during normothermic ESHP regardless of the ventricular 

workload, and thus may have a significant contribution to functional decline and other 

challenging issues observed during ESHP such as the formation of edema.  

7.4. Edema in ex-situ perfused heart 

Edema, has been demonstrated to be a significant limiting factor in hypothermic ESHP. 

However, it has been also frequently reported in normothermic ESHP studies. We also 

observed a significant edema formed in the ex-situ-perfused hearts in all of the projects 

in this thesis. The edema formed during ESHP was similar between different perfusion 

modalities.  

Although edema formation has been significantly lower with blood-based perfusates, it 

still raises the concerns as edema can impair diastolic function/relaxation, and may also 

lead to capillary collapse and impairment of myocardial perfusion during normothermic 

ESHP [17, 33]. Interestingly edema formation has been frequently reported, even with the 

perfusates holding adequate colloid properties (blood and/or colloid-added crystalloids) 
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[23]. Induction of inflammatory responses and oxidative stress triggered by exposure to 

the extracorporeal circuit may be an important reason for edema formation, especially 

with our observation of increasing perfusate oxidized low-density lipoprotein (ox-LDL) 

produced by the vascular wall during normothermic ESHP. The experimental 

observations suggest that in the hearts perfused with blood-based perfusates, only 

approximately 10% of the functional decline is attributable to edema formation [17]. Yet it 

may not only be a cause for functional decline, but may point to stress and stimuli severely 

affecting vascular health and their barrier function. 

7.5. Efficiency of the ex-situ heart perfusion devices 

Over time, there has been a considerable heterogeneity in the design of the devices for 

ESHP. Yet, in the majority of experimental ESHP studies, the heart has been suspended 

from the aorta [34]. This is a position considerably different from the in-vivo position in the 

mediastinum wherein the myocardial mass is supported by the pericardium and the 

diaphragm which balance the hydrostatic, inertial, and gravitational forces, prevent 

excessive dilatation and wall stress, and modulate the weight borne by the heart [35]. 

Similarly in the clinical ESHP, the heart is also perfused in a semi-suspended state [7, 

17].  

Here we showed that ESHP in a supported, semi-anatomical position improved the 

functional preservation and recovery of the heart, and attenuated cardiac troponin I (cTn-

I) leak during an extended period of normothermic perfusion and. This experience 

emphasizes the importance of imitation of near-anatomical and physiological state for the 

heart during ESHP.  
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Experimentally, both empty-beating non-working mode (NWM), and semi-physiologic 

working mode (WM) has been used for perfusion of the heart with the latter also providing 

the opportunity to assess cardiac function. The current device for clinical normothermic 

ESHP (Transmedics Organ Care System device, OCS) only performs the perfusion in 

NWM, and relies mainly on the metabolic findings to predict eligibility of the donor heart 

for a safe transplantation. However, the adequacy of metabolic findings (mainly perfusate 

lactate values) for predicting the functional status of the heart has been challenged 

several times by our group and others [1]. According to our observations in previous works 

by our group and in this thesis, not only the perfusate lactate does not show a strong 

correlation with the functional status of the heart during ESHP, but also the functional 

quality of the heart changes gradually during the perfusion [8, 23]. These observations 

strongly advocated the necessity for evaluation of cardiac function during ESHP rather 

than relying only on the metabolic findings to increase the odds of a safe cardiac 

transplantation.  

In this thesis, we also introduced a custom-built ESHP apparatus and operational 

software designed in our lab by Dr. D.Freed, which is capable of perfusing the heart in 

both NWM and WM, with minimal need for supervision/operator. In this device, the 

desired left atrial (LA) pressures may be ordered to the software, and it will adjust the 

pumps to achieve and maintain the desired LA pressures to be able to perfuse the hearts 

in different workloads. Moreover, the software is able to calculate and archive the 

functional parameters through the information collected from the flow and pressure 

sensors in the circuit [18].  Taken together, optimization of the clinical ESHP protocol and 

device to perfuse the heart in a semi-physiological load, and semi-anatomical position 
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may be a critical step for improving the cardioprotection and functional recovery of the ex-

situ perfused hearts. 

7.6. Left ventricular workload during ex-situ perfusion, a cardioprotective factor 

During ESHP, the cardiac function declines gradually regardless of the left ventricular 

workloads. However, in the previous works by our group and in the projects related to this 

thesis, we have always observed that the hearts perfused in the semi-physiologic 

workloads (WM) for the majority of the perfusion period, preserved their functional status 

significantly better compared to the heats perfused in empty-beating NWM.  Also, the 

WM-perfused hearts released significantly lower amounts of cTn-I during an extended 

12-hour ESHP. In this thesis, we demonstrated that while the myocardial tissue 

phosphorylated (active) adenosine monophosphate kinase (p-AMPK) was significantly 

lower in the NWM-perfused hearts, the representative values were similar between WM-

perfused hearts and in vivo healthy control hearts. Similarly, the enzymatic activity of the 

creatine kinase (CK), was significantly lower in NWM compared to in vivo and WM. Both 

AMPK and CK activity status play an important role in maintaining the metabolic reserve 

of the myocardium, and AMPK activity has protective effects against conditions such and 

oxidative stress. The activation of AMPK and CK are among the important mediators of 

the cardioprotection induced by the ventricular wall stretch and contraction [36-38]. Thus, 

the semi-physiologic ventricular wall stretch and heart chamber pressures during ESHP 

in WM hearts, may lead to preservation of AMPK and CK activity, and exert 

cardioprotective effects during ex-situ perfusion [39]. Thus the addition of the WM 

perfusion modality to the clinical devices for ESHP, not only improves assessment of the 

heart, but may exert cardioprotective effects during ex-situ perfusion as well.  
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7.7. Future directions for improving ESHP protocols  

With the results reported in this thesis, it can be concluded that studies to detect an 

optimized metabolic support for the heart, and also detection of the main sources of the 

inflammatory cytokines and reactive oxygen and nitrogen in the setting of ESHP seem to 

be inevitable. Since there has been a great heterogeneity in the studies evaluating the 

effects of anti-inflammatory and antioxidative agents in the setting of ECC (including study 

designs and type of the agent used), efficiently targeting the inflammation and oxidative 

stress with reliable agents during ESHP requires more studies. The anti-inflammatory and 

antioxidative therapies that may have cardioprotective effect during ESHP may include 

addition of glutathione, different vitamins and minerals necessary for the activity of anti-

inflammatory/antioxidative systems to the perfusate. 

Improving the biomaterial used in the circuit that would cause less hemolysis, less 

deposition of perfusate content on the circuit surfaces, and lower activation effect on the 

contact and immune systems would not only benefit cardioprotection during ESHP, but 

will also improve the reliability of the cardiac parameters of function and metabolism 

gathered during ESHP. 

7.8. Future perspectives of ESHP 

With the improving protocols for ESHP and feasibility of longer safe preservation times 

for the donor heart with this technology, a geographically distant heart donation may be 

possible using a portable ESHP apparatus that will provide the opportunity of a heart 

transplantation from a potential donor with a significant geographical distance from a 

potential recipient. Such an apparatus, would definitely improve with the addition of 
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portable imaging assessment systems such as portable echocardiography/angiography 

device synchronized with the operational software [18]. 

Potentially, the setting of ESHP may provide a platform to pursue the treatment modalities 

that may not be easily possible in an organ-specific manner in vivo, including gene 

therapy, or administration of therapeutic nanoparticles [40], rejection-mitigating 

interventions using small interfering RNA [41]. In summary, ESHP technique may offer 

a unique platform for reconditioning and treatment of the injured hearts, or to improve the 

statistics and outcomes of heart transplantation, however, studies are warranted to 

improve the current protocols of ESHP. 
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