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HISTORICAL PERSPECTIVE

The first (unilateral) lung transplantation was performed by James Hardy in 1963 in 
the United States.1 Four years later, in 1967, Christiaan Barnard transplanted the first 
human heart in South Africa (Figure 1).2 Since then, lung transplantation and heart 
transplantation have become established treatment options for selected patients 
suffering from refractory end-stage lung disease and end-stage heart failure.

The initial experiences from Hardy, Barnard and their ensuing peers, were gained with 
lungs and hearts from donation after circulatory (determined) death (DCD) donors. 
For both the DCD donors described by Hardy and Barnard, no treatment options were 
left, consent for donation was obtained and life-sustaining therapy was withdrawn. 
Withdrawal of life-sustaining therapy in these donors initiated the process leading 
to circulatory arrest – the so-called agonal phase. An agonal phase is characterized 
by hypotension and ischemia and initiates a cascade of hits that eventually results in 
injury.3,4 Eventually, it leads to the cessation of circulation and death is declared. In the 
first lung donor, upon declaration of circulatory arrest, closed chest resuscitation and 
endotracheal tube ventilation was continued up to the thoracotomy for procurement 
of the lungs.1 Upon declaration of circulatory arrest in the first heart donor, a 
cardiopulmonary bypass was instituted and rapid reperfusion, total body cooling and 
in situ isolated heart perfusion were established before procurement of the heart. 2 
Both preservation techniques were implemented upon the knowledge that rapidly 
limiting the circulatory arrest-induced injury was crucial. But limiting this injury posed 
significant pressure of time on the DCD donor procedure.

Soon after the start of donation of thoracic DCD organs, the brain dead criteria were 
formulated that paved the way for donation after brain death (DBD) in 1968.5 Brain 
death was defined as unreceptivity and unresponsitivity, no movements or breathing, 
no brain stem reflexes and a flat electroencephalogram. In DBD donors, no circulatory 
arrest occurs and continued perfusion of the organs is maintained while the donor 
is mechanically ventilated. Since then, DBD donation has become the standard for 
lung and heart donation based on the major advantage of the absence of circulatory 
arrest-induced warm ischemic injury and a more controlled donation process. 

Despite the more advantageous donation process, long-term survival was not 
achieved until the introduction of cyclosporine in 1983.6,7,8 Together with the 
description of clear indications for transplantation, improved surgical techniques, 
and improved postoperative care, both heart and lung transplantation became 
successful and more widely applied treatment options. As a result of its own success, 
heart and lung transplantation became limited in number, due to the scarcity of 
available donor organs.



11

INTRODUCTION AND OUTLINE OF THESIS

1
In an attempt to fill this gap, Thomas Egan initiated the renewed interest in DCD 
donation in the lung donor pool in the experimental setting in 1991.9 In the clinical 
setting, Robert Love re-introduced DCD lung transplantation and reported it in 
1995.10 

Also in 1995, somewhat in parallel to the renewed interest in DCD lung donation, 
a classification of DCD donation was postulated in Maastricht.11 DCD donors were 
subdivided in controlled and uncontrolled donors, referring to the circumstances 
in which the circulatory arrest was determined (Table 1). 

Classification Definition Setting
I Circulatory arrest outside the hospital, without witness Uncontrolled

II Witnessed circulatory arrest inside/outside the hospital with rapid 
initiation of resuscitation

Uncontrolled

III Expected circulatory arrest in the hospital (ICU/OR) after withdrawal 
of life support

Controlled

IV Circulatory arrest in the brain-dead donor Controlled

V Donation following a euthanasia procedure Controlled

Table 1. DCD classification. ICU, intensive care unit; OR, operating room

Main interest focused on donors awaiting circulatory arrest after withdrawal of 
life-sustaining therapy (DCD-III donors), although some experience was gained 
with DCD-II donation (witnessed circulatory arrest). In 2001, a DCD-II donor lung 
was successfully transplanted by Stig Steen.12 The unilateral lung transplantation 
was preceded by the first human ex vivo lung perfusion (EVLP). Assessment of 
the uncontrolled DCD-II donor lung during EVLP showed favorable function and 
dynamics, and subsequent lung transplantation was granted feasible. In 2011, a 
landmark paper on EVLP in DCD-III and high-risk DBD lung that were successfully 
transplanted was published.13

Several years after the description of the original DCD classification, the DCD 
classification was modified. Organ donation following euthanasia (DCD-V) was added 
as a new category (Table 1).14 The addition ensued the allowance of euthanasia in 
2002 in the Netherlands and in Belgium,15,16 and the subsequent initial experiences 
with DCD-V organ donation.17 Euthanasia was allowed under strict circumstances 
and guidelines were developed enabling subsequent organ donation.18 The first 
DCD-V lung transplantation was reported in Belgium in 2007.17,19
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It was not until around 2008 that DCD-III heart transplantation found its way 
back into clinic. Three pediatric DCD-III heart transplants were performed in 
which the donor was subjected to only a 75 seconds no-touch interval in two out 
of three cases.20 The short no-touch period posed ethical challenges and raised 
the question whether the dead donor rule was respected, as pulsatile arterial 
activity might have resumed afterwards.21 In 2015, the first series of adult clinical 
DCD-III heart transplantations was reported by Kumud Dhital and was based on 
the established non-cardiac DCD protocol.22 Ex situ heart perfusion (ESHP) after 
circulatory arrest, no-touch time (2-5 minutes) and procurement facilitated the 
preservation and transplantation of these DCD-III hearts. In parallel, in situ heart 
perfusion and resuscitation of the heart was established by the group of Stephan 
Large in the United Kingdom.23

Figure 1. Time line of milestones in cardiothoracic transplantation. DCD, donation after circulatory 
death; ESHP, ex situ heart perfusion, EVLP, ex vivo lung perfusion; HTx, heart transplantation; LTx, lung 
transplantation.

BROADNING OF THE ACCEPTATION CRITERIA FOR DONOR ORGANS
The renewed interest in both marginal donor lungs and hearts was accompanied 
by the usage of isolated organ perfusion. Isolated organ perfusion was, however, 
not a novel innovation and is in fact older than transplantation itself. It initially 
served other purposes than organ preservation, mainly that of the assessment of 
characteristics and responses of a specific organ.24,25 The introduction of isolated 
organ perfusion in the field of cardiothoracic transplantation enabled the careful 
exploring of donor organs that did not fulfill the standard acceptation criteria. 

The “ideal” acceptance criteria have been described to guide decision making 
on suitable organs.26 Adherence to these criteria reduces the negative effects of 
unfavorable donor characteristics on post-transplant outcome. The ideal donor 
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criteria are, however, very conservative because they are for a great part based on 
uncertainty. Consequently, it prevents the usage of the full potential of the donor 
pool.27 With advancing insights and the great need for donor organs, acceptance 
criteria for donor lungs and hearts have become more liberal. For example, 
initially only a donor age under 55 years was accepted, whereas nowadays the 
acceptable donor age has been increased to ±75 years for lung donors and ±70 
years for hearts donors.28 The liberalization of the original acceptation criteria led 
to additional donors, but also led to potentially more marginal donors. 

In exploring the suitability of marginal organs, both in situ perfusion and ex situ 
perfusion may improve preservation and enable functional evaluation. For in situ 
perfusion, the aorta and caval vein are surgically connected to an extracorporeal 
perfusion circuit enabling in situ total body perfusion (also called normothermic 
regional perfusion). Through in situ body perfusion, the systemic circulation is 
established but the pulmonary circulation is temporarily excluded from perfusion. 
Barnard used this technique for the first heart transplantation and it was recently 
pioneered by the group of Large.2,29 With ex situ perfusion, solely the artery 
and vein of that specific organ are connected to the perfusion circuit. It is the 
technique that was used in EVLP and ESHP by Steen and Dhital, respectively.12,22 
Through rapid reperfusion and continued perfusion of the organ(s), both in situ 
perfusion and ex situ perfusion have proven to increase the number of suitable 
donor hearts.29 For donor lungs, mainly the ex situ perfusion increases the number 
of suitable donor lungs. 

Thus, ex situ perfusion fulfils an important role in the enlargement and improvement 
of the cardiothoracic donor pool. Although the lungs and hearts share the same 
cavity, the two organs are opposites in their mechanistic characteristics and diverge 
in their oxygen and energy metabolism. Despite the similarities in the basics of ex 
situ perfusion techniques, in the donation setting ex situ perfusion plays a different 
role for hearts and lungs as a consequence of their intrinsic dissimilarities.
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THE CHARACTERISTICS OF THE LUNG IN THE DONATION AND 
TRANSPLANTATION SETTING

General function
The lung exerts its main function of oxygenation and ventilation in a predominantly 
passive fashion. The movement of the diaphragm together with a change in the 
shape of the thoracic cage leads to changes in the intrathoracic pressure. The 
changing intrathoracic pressure results in a push and pull effect of air flow within 
the lungs, which leads to ventilation of the alveoli. The ventilation renews the 
air within the alveoli and creates a gradient between the alveolar gas pressure 
and the venous blood gas pressure. The existence of that gradient facilitates 
diffusion of gasses and enables the passive exchange of oxygen and carbon 
dioxide between the alveoli and the blood. The population of cells within the 
lung is directly and passively provided with oxygen via the inhaled oxygen in the 
alveoli, which represents a unique feature of the lung within the human body. 
An active role is merely needed to assist the processes that support rather than 
fulfill the main function of the lung. As only a confined portion of the processes 
within the lung demand energy, the oxygen consumption of lung is low and is only 
about 10% of the myocardium at normothermia.30,31 The oxygen is required by 
mitochondria to produce sufficient quantities for the energy-dependent processes 
of maintaining cellular integrity, regulating of alveolar shape, bronchodynamics 
and vasodynamics.30,32,33 For example, energy is consumed in order to produce a 
layer of surfactant that both forms a barrier to the outer world and maintains the 
shape and compliance of the alveoli. Secondly, the cilia demand energy for their 
sweeping function. 

In order to exert its passive main function and to support the active processes, the 
lung is supplied by a dual blood flow. The passive gas exchange is facilitated by a 
low-pressure, high-flow pulmonary circulation and the bronchi are supplied by the 
bronchial arterial high-pressure circulation. Through the low oxygen consumption, 
dual vascular supply and the unique feature of the lung, a misbalance in oxygen 
supply and demand does not occur rapidly. Compared to the myocardium, the 
lung tissue is more tolerant to ischemia. This tolerance proves very useful in the 
preservation of both DBD and DCD lungs.
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Figure 2. Lung donation: preservation and assessment in the light of the characteristics of the lung. 
ATP, adenosine triphosphate; CO2, carbon dioxide; O2, oxygen.
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DBD versus DCD
The principal difference between a DBD and DCD donor is that in the DBD 
donor both ventilation and blood flow are maintained up to the initiation of 
preservation. The established mechanical ventilation ensures oxygenation and 
the continued beating of the heart supports the circulation of blood. As neither 
tissue hypoxia nor diminished nutrient flow play a role in the DBD donor, the DBD 
donation procedure itself does not affect lung functioning. Therefore, when the 
donor lung function is assessed prior to the donation procedure, this assessment 
will adequately represent the function at time of lung procurement. But the pre-
donation function of the lung may be affected by the event preceding brain death, 
by the pathological cascade following brain death or by the treatment of the 
donor at the intensive care. For example, both an aggressive fluid management 
to prevent hemodynamic instability of the donor and the brain death itself may 
induce pulmonary edema.34 

In contrast to the DBD lung, the ventilation and blood circulation already stop prior 
to the initiation of procurement of the DCD lung. In the DCD-III donor, life sustaining 
therapy including mechanical ventilator support is withdrawn upon the decision 
that continued treatment is futile. The withdrawal provokes an agonal phase in 
which absent ventilation and global ischemia lead to myocardial ischemia and a 
circulatory arrest. With that, the dual vascular blood supply and alveolar supply of 
oxygen cease and the lung is subjected to warm ischemia. Since concerns continued 
to be raised about the ensuing warm ischemic injury to the lungs and the risk for 
aspiration, lung transplantation with these DCD lungs was not widely adopted. DCD 
lungs have been considered non-standard and potentially inferior lungs in some 
countries. Although this view is subjected to a gradual change, still less than 10% of 
all lung transplantation is performed with DCD lungs worldwide nowadays.35

However, within limits, neither the agonal phase nor the warm ischemia significantly 
injures the lung, which highlights the convenience of the tolerance of the lung to 
ischemia. An agonal phase of less than 60 minutes does not affect lung transplant 
recipient survival and a larger interval is suggested to be well tolerated.35 When 
the subsequent warm ischemia is limited to 60 minutes, it does not affect the 
performance of the lung either.35,36 Moreover, the supply of oxygen through alveolar 
ventilation or even alveolar inflation enables further extension of the warm ischemic 
interval.37–39 Thus, when keeping these time windows in mind, the lung function 
assessed prior to the DCD-III donation procedure equals the lung function at time of 
donation. In that regard, DBD and DCD lungs can be considered similar and require 
a similar preservation strategy. 
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Lung preservation
The similar preservation technique of DBD and DCD lungs further builds on the 
unique feature of self-oxygenation by inflation of the alveoli. This feature is taken 
advantage of during the uninterrupted ventilation in DBD lungs and during the 
rapid re-initiation of ventilation in the DCD lungs, with in both cases eventual 
inflation of the alveoli upon stapling of the trachea. The inflation preserves the 
high energy phosphates.32 A second pillar of the preservation is the decrease 
in temperature which reduces oxygen consumption and slows down enzymatic 
activity. At time of procurement, the temperature is reduced by a cold antegrade 
and retrograde pulmonary flush. A further reduction of temperature is established 
through static cold storage. Perfadex – a low potassium, dextran solution – has 
been widely used for both the pulmonary flush and static cold storage. 

Preservation up to six hours with static cold storage is adequate and not adversely 
correlated to post-transplant outcome,40–42 although contradicting outcome has 
also been reported with an increased preservation interval.43,44 Therefore, efforts 
should be made to limit the preservation interval, but when inflated, stored at 
profound hypothermic and submerged in an “ideal” preservation solution, lungs 
are adequately preserved. As a result, static cold storage has remained the gold 
standard for DBD and DCD lung preservation to date, even with marginal donors. 
The cold during static inflated storage, however, induces injury to the lungs 
despite their intrinsic advantage of alveolar oxygen diffusion. EVLP might be able 
to prevent this damage, but the replacement of static cold storage for EVLP has 
not been broadly accepted for sole preservation purposes of donor lungs. Some 
experience has been gained with preservation of lungs with EVLP. It decreased 
the occurrence of primary graft dysfunction,45,46 but it had no advantageous effect 
on survival.46 Whether the advantageous effect was the result of preventing the 
static cold storage or would not have been reached with EVLP in addition to static 
cold storage remains an open question. The ischemic tolerance of the lung may 
preclude a significant role for EVLP within the standard preservation intervals, but 
it may help to prolong the total preservation interval. The EVLP procedure itself 
already adds time to the total out of body interval, but an additional six hours 
of static cold storage after EVLP was suggested not to affect lung functioning.47 
Overall, EVLP for preservation may not be expected to directly enlarge the 
thoracic donor pool through improved preservation, but the impact of EVLP is 
likely to be more pronounced in its role to prolong preservation and to facilitate 
ex situ treatment and assessment of marginal donor lungs and donor lungs with 
a uncertain function. 
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Ex situ assessment of the lung function: EVLP
Given the passive main function of the lung, its in vivo function is mimicked ex situ 
through ventilatory movements and a low-pressure pulmonary artery flow. The 
mimicked function gives the EVLP its great potential. EVLP enables the assessment 
of the diffusion capacity of the lung as well as the visualization of lung dynamics. It 
offers an extended interval to visualize and judge the trends in these parameters. 
Three different types of EVLP strategies, the Lund, Toronto and Organ Care 
System strategy, have been described in literature.48 Some substantial differences 
among these perfusion strategies exist, whereas the ventilation settings are 
comparable. Among those differences are the cellular and acellular perfusate, 
an open and closed left atrium and full or partial pulmonary flow. Recently, the 
aspect of ventilation was more appreciated, which resulted in the introduction of 
a negative-pressure ventilation during EVLP in the clinic.49 

Clinically, EVLP was not widely adopted immediately, but it can be considered an 
established modality to date. For initially rejected donor lungs, EVLP accommodates 
the assessment of the reversibility of the pathologies that initially deemed those 
lungs unsuitable. Clear acceptation criteria have been described for lungs that 
were subjected to EVLP in order to define “regained suitability” of these lungs.50 
Lungs that regained suitability during EVLP performed equally to standard lungs 
after transplantation.51 This resuscitating effect and the re-assuring aspect of EVLP 
can increase the donor pool.52 However, unambiguous indications to subject a lung 
to the EVLP should be defined, as some underlying pathologies cannot expected 
to be reversible within the interval of EVLP. Therefore, not every rejected donor 
lung is appropriate for assessment during EVLP. 

The main indication for EVLP is a bad oxygenation capacity (arterial oxygen 
pressure/fraction of inspired oxygen ratio of <300) resulting from edema, 
persistent atelectasis or from an unknown reason at the assessment prior to the 
donation procedure. In the early days however, some hospitals also had “DCD 
lung” as an indication for EVLP, irrespective of its pre-donation function.53 This 
general indication highlighted the initial conception that a DCD lung was inferior 
by definition. Over the years, a growing bulk of evidence that contradicts this 
conception has become available. Therefore, not the donor type, but rather the 
bad oxygenation capacity that results from pulmonary edema, atelectasis or from 
an undefined cause should be the indication for EVLP.54 Despite the growing 
evidence of comparability of DBD and DCD lungs, reluctance to use DCD lungs is 
still widely present. Therefore, some institutions continue to use “DCD lung” as an 
indication for EVLP.45,52 
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THE CHARACTERISTICS OF THE HEART IN THE DONATION AND 
TRANSPLANTATION SETTING

General function
The main function of the heart is to deliver kinetic energy to the blood to create a 
blood flow to the body, the lungs and to itself. The myocardial cells are provided with 
oxygen and nutrients through the coronary arteries located just distal to the aortic 
valve. Coronary perfusion of the left ventricle is established mainly through the 
diastolic pressure in the aorta which is provided by the pumped blood volume and 
the vascular tonus in the arterial system. During the diastole, the myocardial muscle 
cells relax so that the resistance within the myocardium is low which increases 
myocardial perfusion. The heart functions as two parallel pulsatile pumps that are 
connected in series where the right ventricle is low-pressure system and the left 
ventricle a high-pressure system. As a result of the high pressure-system, most of 
the muscle cells are located at the left side of the heart. These cardiomyocytes work 
together to enable synchronized contractions of the ventricles. The contractions of 
the cells are initiated through ionic movements from which an electrical current 
ensues that is propagated to interconnected cardiomyocytes. Subsequently, ionic 
movement also initiates the contraction of the myofibrils. The synchronized and 
nearly simultaneous contraction of myofibrils within cardiomyocytes creates a 
pressurizing of blood within the ventricles that results in the subsequent blood flow.

These synchronized movements of the heart are active processes. The heart 
therefore fulfils its function in an active fashion to which the number of 
mitochondria relates.55 Oxygen demand of the myocardium varies depending on 
an interplay between intracardiac and extracardiac factors and is dictated, among 
other factors, by afterload, ventricular wall tension and heart rate. The volume-
loaded, beating heart, consumes approximately 10 mL of oxygen/min/100 grams 
of heart weight at normothermia, compared to 1.1 mL/min/100 grams in the 
lung.30,31 Given its high metabolic needs, the myocardium is intolerant to ischemia. 
Ischemia significantly affects the functioning of the heart. In the donation setting, 
a discrepant supply and demand of oxygen in encountered and the resulting 
ischemia should be targeted. The myocardial oxygen consumption reduces when 
applying hypothermia,31,56 and also fibrillation, unloading and electrical arrest all 
reduce oxygen demands.31 Hence, a combination of these strategies can be used 
for preservation of donor hearts. Whether the application of these strategies is 
sufficient in donor heart preservation, highly depends on the donor type. 
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Figure 3. Heart donation: preservation and assessment in the light of the characteristics of the heart. 
ATP, adenosine triphosphate; Ca+, calcium; Na+, sodium; O2, oxygen
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DBD versus DCD
As stated previously, both ventilation and blood flow are maintained up to 
the initiation of preservation in the DBD donor. The coronary perfusion in the 
DBD donor is also maintained and is of great importance because the ischemic 
myocardial insult is initiated only by the delivery of cold preserving cardioplegia. Due 
to the absence of ischemia in the pre-donation phase, the functional assessment 
prior to donation is indicative for the function at time of procurement and – when 
well-preserved – for the function after transplantation. But, as for the lungs, brain 
injury can affect myocardial function. Brain death induces a cascade of adverse 
hits, with a catecholamine and cytokine storm and a systemic inflammation.57 As 
a result, DBD donors may present with regional wall motion disturbances and left 
ventricular dysfunction as a result of a neurologic stunned myocardium,58 which 
may prove transient or reversible within hours or days.59,60 Therefore, also a good 
DBD heart may be affected by brain death and is susceptible to reperfusion injury.
The DCD heart is subjected to ischemia in the pre-donation phases because of the 
agonal phase, the circulatory arrest, the no-touch period and the procurement 
procedure. The agonal phase is initiated after the switch-off of life-support and 
is characterized by an uncertain blood supply during hemodynamic instability. 
The duration of the agonal phase is highly variable and already subjects the 
myocardium to a unpredictable degree of injury. In addition, the stress response 
of the body following the switch-off leads to a pronounced catecholamine surge.61 
Initial pulmonary artery vasoconstriction dams up blood and with subsequent 
deterioration of the myocardium function. Pooling of blood in the vasculature 
of the heart and lungs occurs, which is ensued by the distension of the right 
ventricle.3,62 The process of dying ends with complete cessation of coronary 
perfusion during circulatory arrest. In this phase, the DCD hearts severely suffers 
from energy depletion and warm ischemia. 

The energy depletion and warm ischemia faced by the DCD hearts is in strong 
contrast to the preserved energy status and cold ischemia in the DBD hearts. As 
mentioned, hypothermia reduces myocardial oxygen consumption and, therefore, 
cold ischemia is less disastrous than the warm ischemia faced in the DCD heart. 
The DCD hearts faces warm ischemia and this ischemia is characterized by a high 
myocardial oxygen consumption rate. Significant injury already occurs in the 
experimental setting after 15-20 minutes of warm ischemia,63,64 but warm ischemia 
is tolerated up to a maximum of 30 minutes in optimized clinical settings. The 
DCD process leaves the heart with depleted energy states and severely disrupted 
ionic homeostasis.3,4 Further disruption of ionic gradients, the occurrence of a 
hypercontracture, and the production of reactive oxygen species are encountered 
upon reperfusion, which eventually leads to necrosis and apoptosis.63,65 
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Heart preservation
As a consequence of the dissimilarity in donation procedures, both donor types 
also diverge in their needs for preservation. In the DBD heart, the metabolism is 
decelerated through a reduction of temperature by a hypothermic cardioplegic 
flush at time of the heart procurement.66 That cardioplegic flush initiates the cold 
ischemia, but also ensures rapid pharmacological electrical arrest, which further 
decreases oxygen consumption.56 With the cold cardioplegic flush, the myocardium 
does presumably not reach its target temperature of 4°C immediately.67 The higher 
temperature of surrounding tissue and the manual manipulation will also rewarm 
the myocardium. To ensure uniform and continued myocardial hypothermia, the 
heart is subsequently submerged in a preservation solution. It further reduces 
temperature, which in turn decelerates the exhaustion of cellular energy levels 
and slows down both the derangement of the homeostasis and cell death.66 All 
these measures are taken in order to minimize the difference between oxygen 
consumption and supply. Static cold storage suffices to preserve a donor heart 
within the limits of four to six hours. 

Although static cold storage is sufficient, it is severely limited by time and may 
be suboptimal for some specific hearts. Prolongation of that static cold storage 
interval adversely affects post-heart transplantation outcome.68 More complex 
recipient surgery and longer-distance traveling complicate the adherence to the 
limits of the static cold storage interval. Secondly, donors become older and this 
higher age, together with a prolonged ischemic preservation, is associated with 
worse post-transplant outcome.69,70 A similar association is also found for donor 
hearts in which left ventricular hypertrophy is encountered,71 as hypertrophy 
itself increases the susceptibility to ischemia. Supply of oxygen during ESHP 
would minimize the additional ischemia in those examples mentioned above. 
Interestingly, preservation with ESHP of conventional DBD hearts within standard 
acceptable time intervals did not improve short mortality and graft survival 
when compared to static cold storage.72 Thus, it could be hypothesized that the 
replacement of static cold storage by ESHP might mainly prove to be of added 
value in marginal or high-risk donor hearts.

In this respect, the DCD heart should also be considered a high-risk donor heart. 
The ongoing warm ischemia should be halted and the myocardial perfusion and 
homeostasis have to be rapidly re-established after the circulatory arrest. In that, 
an initial cardioplegic flush is crucial, in which specific attention should be paid 
to the composition of this flush.64,73,74 In addition, the avoidance of profound 
hypothermia during the initial reperfusion should be emphasized, as it improves 
functional recovery in the DCD setting.73 A subsequent period of static cold 
storage would however, be unsuitable and insufficient. On the one hand, cold 
storage is frustrated by the static aspect that does not facilitate any functional 
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assessment whilst post-donation functional assessment is a prerequisite for these 
DCD hearts. On the other, the cold ischemia injury with static cold storage would 
add to the warm ischemic injury. This cumulative injury hampers the preservation 
of DCD hearts with static cold storage.65,75 Oxygenated ESHP prevents the 
additional ischemia during preservation by re-establishing coronary perfusion. 
This reperfusion aims at quickly restoring energy reserves and re-organizing 
homeostasis. By taking the cold ischemic period out of the equation, focus can 
be put on limiting the warm ischemia. As a result of that, ESHP facilitates DCD 
heart preservation and is increasingly employed by institutions to build DCD heart 
transplantation programs.22 

Whereas the general role of ESHP in the preservation of DCD hearts is evident, the 
optimal ESHP strategy is not. It is known that temperature substantially influences 
the metabolism.76 Therefore, it is conceivable that the optimal ESHP strategy shifts 
with the shift in perfusion temperature. The most optimal ESHP strategy has still to 
be discovered. In the clinical setting, experience has been built on normothermic 
ESHP.77 Experimentally, the majority of insight has been gained in profound 
hypothermic perfusion. Subnormothermic ESHP is infrequently opted for in heart 
preservation, although it comprises a broad range of temperatures (15-32°C). 
Theoretically, subnormothermia may prevent several disadvantages encountered in 
normothermia and hypothermia. Although hypothermia has been historically proven 
for static storage,78 it also induces a phase transition of the membrane lipid bilayer 
to a gel-state, which impairs diffusion of (small) molecules, affects ionic homeostasis, 
affects the kinetics of bilayer bound enzymes and slows down ATP production.79,80 
Hence, the re-establishment of ionic homeostasis may be frustrated. Historically, the 
positive effects of hypothermia of reducing oxygen demands outweighed its negative 
effects in the setting of ischemia. However, during ESHP, oxygen will be delivered 
and therefore, since ischemia is taken out of the equation, the disadvantages 
of hypothermia may become more prominent. The other end of the spectrum, 
normothermia, immediately increases oxygen consumption and employs the already 
depleted energy sources in the case of DCD hearts. Normothermic ESHP places the 
heart is a semi-physiological environment and creates a highly demanding setting, 
as it requires a whole blood perfusate with near-physiological supply of metabolic 
substrate.81 Secondly, normothermic ESHP initiates an adverse immunological 
response that affects myocardial function.82 Given these challenges, the question 
could be raised whether normothermia is necessary for preservation purposes. 

Ex situ assessment of the heart function: ESHP
Regardless of the question whether normothermic ESHP is necessary in the 
preservation setting, normothermia is indispensable for the ex situ functional 
assessment of hearts. Normothermia enables the undisturbed ionic movements 
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and the usual synchronized contractions. The establishment of these contractions 
during normothermic ESHP enables the ventricle to develop pressure and create 
volume displacement as it would do in vivo. However, the analysis of the developed 
pressure and the displaced volume is challenging in the ESHP setting. It would 
require a setup in which effects of the body are simulated in order to subject the 
heart to physiological effects that it would encounter after transplantation. In the 
experimental setting, multiple modalities are available for ex situ heart assessment. 
The Langendorff perfusion, when a volume-filled balloon is inserted in the left 
ventricle, is the simplest and a historically-proven method for assessment of left 
ventricular function.83 It, however, only enables isovolumetric (pressure-derived) 
analyses and little of the physiological effects of the body can be mimicked. More 
advanced platforms, such as pump-supported and pump-assisted setups, have 
been designed over the years. These “working-mode” setups incorporate the 
volume displacement aspect and more closely mimic the physiological situation in 
vivo. Presumably, these setups are more accurate in determining the hearts quality 
compared to the isovolumetric assessment. In the clinical setting however, the only 
commercially available normothermic ESHP setup only offers an unloaded and thus 
non-assessable left ventricle. Instead, the concentration of lactate in the perfusate 
has been used as a predictor for graft failure, with a marginal sensitivity of 63%.84 As 
a consequence, a low lactate concentration may not adequately predict graft failure. 
Moreover, a significant correlation with functional outcome was not found, whereas 
it is known that functional parameters assessed ex situ predicted post-transplant 
function more reliably.85 Clearly, the absence of functional assessment in the clinical 
setting is not built upon the absence of its need, but it highlights the fact that an 
adequate assessment of cardiac function ex situ is difficult.

For both DBD and DCD hearts, the assessment of heart function during ESHP 
would fulfill a substantial role. In DBD hearts, the pre-donation function equals the 
function at time of donation, and – within the limits of the preservation interval – 
is an acceptable estimator of function at time of implantation. For these standard 
DBD hearts, assessment during ESHP presumably adds little value. Yet, functional 
assessment during ESHP may become of substantial value when stretching the 
donor heart acceptation criteria. ESHP then offers a platform to assure adequacy 
of the preservation of marginal or high-risk donor hearts (i.e. left ventricular 
hypertrophy). Secondly, evaluation during ESHP may buy time to postpone the 
decisions on acceptability of borderline quality hearts and ESHP may deliver proof 
of transiency of brain injury-induced myocardial dysfunction. 

In the DCD heart, the role of functional assessment during ESHP is even more 
prominent because the degree of injury resulting from the DCD donation procedure 
should still be quantified. The pre-donation myocardial function is negatively 
affected by the variable and unpredictable injury induced by the agonal phase 
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and warm ischemia. As a consequence, the pre-donation myocardial function 
does not to reflect the myocardial function at time of procurement. Insight in the 
myocardial function is pivotal in order to estimate its ability to support circulation 
after transplantation. For that reason, in the DCD heart an additional functional 
assessment should take place after the circulatory arrest has occurred. This post-
circulation arrest assessment is likely to be a better estimation of post-transplant 
function of the DCD heart, as the potential damage of the donation procedure 
can then be quantified. Normothermic ESHP with a functional assessment 
platform will help to gain insight in the functioning of the DCD heart , either during 
normothermic ESHP or after non-normothermic ESHP for preservation purposes. 

The impact of DCD heart donation
Despite the posed challenges in preservation and evaluation, the implementation of 
DCD heart transplantation would significantly enlarge the donor pool. By implementing 
DCD heart donation, an increase of 4-6% in heart transplantation activity was expected 
in the United States,86 and an increase of 15% and 30% was suggested in Belgium and 
the United Kingdom, respectively.87,88 In reality, numbers have been higher, with an 
initial increase in transplantation activity of 48% in the United Kingdom.89 

The impact on heart transplantation rates is, among other factors, highly 
dependent on the experience of country with DCD procedures. As an example, 
the described potential and numbers mentioned above have all been based on 
inclusion of DCD-III heart donors, but DCD-V donors may also add to the impact of 
DCD heart donation on heart transplantation activity. For kidneys, livers and lungs, 
donation after euthanasia is already performed,17,19,90 but no literature is available 
on heart donation following euthanasia. It is known that these donors are very 
eager to donate their organs.91 As we are approaching the implementation of DCD 
heart transplantation in more countries, of which some allow euthanasia, light 
should be shed on the quality of these hearts.

SUMMARY
In summary, the opposing characteristics of the lung and heart and the different 
impact of the donation procedure on these organs have resulted in diverging 
needs in terms of the choice for preservation technique and the indications for 
functional evaluation ex situ. Although both EVLP and ESHP play a key role in 
facilitating the enlargement and improvement of the donor pool, EVLP is mainly 
performed in addition to static cold storage and serves assessment purposes, 
whereas ESHP is till now performed instead of static cold storage and serves both 
preservation and assessment purposes. Overall, it can be stated that the field of 
ESHP lags years behind that of EVLP. In EVLP, the basic strategies for enlarging 
and improving the thoracic donor pool have been more or less established.  
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For the cardiac pool, little consensus has been reached and the proposed strategies 
for enlarging and improving the pool still comprise substantial lacks of knowledge.

OUTLINE OF THESIS
The lack of consensus, gaps in knowledge and need for innovations in both the lung 
and heart donor pool have been highlighted above. The overall aim of this thesis 
was to describe and explore strategies to improve and enlarge the cardiothoracic 
donor pool. More specifically, the incorporated studies were designed to the 
following aims:

• To describe and evaluate the implementation of both DCD lung 
transplantation and EVLP

• To explore the potential of DCD (III and V) heart donation for increasing 
the donor pool

• To develop an ESHP strategy that facilitates preservation and assessment 
of donor hearts

A DCD lung donor has been considered a standard donor (i.e. not an extended or 
marginal donor, and comparable to a DBD donor) in the Netherlands. DCD lung 
transplantation was gradually implemented from 2005 onwards nationwide. In 
Chapter 2 outcome after DBD and DCD lung transplantations are compared in a 
retrospective, multicenter, propensity-score matched cohort. 

EVLP became available at the University Medical Center Groningen in 2012. Highly 
selected donor lungs, rejected for transplantation elsewhere, were accepted for 
EVLP. In Chapter 3 the outcome after transplantation with EVLP-resuscitated 
lungs (both DBD and DCD) are studied and compared to the outcome of time-
matched conventional DBD and DCD lung transplantations.

Clinical DCD heart transplantation has approached the implementation in 
several countries. The implementation increases transplantation activity and 
decreases waiting list mortality, but the true impact will differ from country to 
country. In Chapter 4, the effect of the addition of DCD heart donation on heart 
transplantation activity as well as waiting list mortality is estimated. A nationwide 
historical cohort of solid organ donations is studied with strict selection criteria to 
identify possible suitable DCD heart donors. 

ESHP serves a key role in facilitating DCD heart transplantation, and might improve 
DBD heart preservation as well. An optimal perfusion strategy has not yet been 
determined. Chapter 5 reviews the literature on ESHP, with specific focus on the 
effect of temperature on multiple aspects of ESHP. It aims at identifying lacks of 
knowledge and future recommendations are formulated. 
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The vast majority of studies have been performed under hypothermic and 
normothermic perfusion conditions. Heart perfusion within subnormothermic 
range could, however, offer substantial advantages. In Chapter 6, subnormothermic 
ESHP is compared to static cold storage in a porcine beating-heart donation model. 
The preserved hearts are functionally assessed during normothermic ESHP with a 
volume-loaded left intraventricular balloon. 

Proceeding from the experiences with subnormothermic ESHP in porcine hearts, 
Chapter 7 describes the rationale and study design for prolonged preservation 
of human discarded donor hearts. Secondly, it describes the design of a novel 
left ventricular assessment platform that prevents the considerable drawbacks 
inherent to isovolumetric measurements with a “static” intraventricular balloon.

Heart donation following euthanasia has not been performed in literature to 
date. Donation procedures following euthanasia are limited in number, but could 
account for substantial increase in heart transplant activity. Chapter 8 describes 
two cases of human heart donation following euthanasia, building on the protocol 
of Chapter 7. The potential of DCD-V heart donation for both research and clinical 
purposes is described. 
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