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Populärvetenskaplig sammanfattning 

Denna avhandling består av fyra delarbeten, där det övergripande syftet var att öka 
kunskapen om hur omhändertagandet av donatorshjärtat under en hjärttransplantation 
påverkar mottagaren på kort och lång sikt.  

Idag är hjärttransplantation en etablerad behandling, ibland den enda chansen till 
överlevnad för personer med svår hjärtsvikt. I begynnelsen var transplantationer främst 
ämnade för yngre patienter, och även donatorerna var yngre. Idag står även äldre 
personer, med en ålder uppåt 70 år på väntelistan. Behovet av antalet hjärtan har ökat, 
följaktligen kan man inte längre avstå från att använda organ från äldre donatorer.  

Donatorhjärtat måste alltid ha en bra pumpfunktion i grunden. Om donatorn är äldre, 
särskilt över 60 år eller har andra kända riskfaktorer som högt blodtryck, diabetes eller 
rökning så är hjärtat mer känsligt för tiden utan syre mellan donator och mottagare. 
Den gyllene regeln säger att det inte ska gå mer än 4 timmar för hjärtat att vara utan 
syre, men det ska gärna ta mindre tid än så. För att hjärtat över huvud taget ska klara 
en tid utan blodcirkulation måste hjärtats syrebehov minskas radikalt. Detta uppnås 
genom en kall kaliumrik lösning som ges till hjärtat vid uttagsoperationen. Hjärtat 
stannas elektriskt och blir nedkylt, och därmed sjunker hjärtats syrebehov radikalt, dock 
inte helt. I det standardmässiga förfarandet läggs därefter hjärtat ner i en kylväska 
omgiven av kall lösning. Sedan transporteras det så snabbt som möjligt till mottagaren. 
Alla hjärtan kommer att i någon grad få en syrebristskada. För de flesta är det 
övergående, men i vissa fall kan det bli permanenta skador i hjärtat. 

Eftersom syrebristskadan dessutom förvärras när blodcirkulationen släpps på i 
mottagaren, låter man hjärtat vila i början. Hjärtat ska få slå men inte arbeta hårt. Detta 
är möjligt genom att mottagaren är kopplad till en hjärtlungmaskin som syresätter och 
försörjer kroppen med fullgod blodcirkulation. När man anser att hjärtat är redo att ta 
över blodcirkulationen minskar man flödet i hjärtlungmaskinen och hjärtat får 
successivt arbeta mer. Om det inte är möjligt att koppla ifrån helt provar man oftast att 
köra hjärtlungmaskin ytterligare en stund tills hjärtat börjar återhämta sig. Om det nyss 
transplanterade hjärtat har utvecklat akut hjärtsvikt måste mottagaren eventuellt 
kopplas till en så kallad ECMO (extracorporeal membran oxygenering). Det är en typ 
av hjärtlungmaskin som man kan ha en längre tid på intensivvårdsavdelningen. Det är 
viktigt med en tidig behandling av akut hjärtsvikt med otillräcklig blodcirkulation, för 
att undvika en situation där kroppens andra organ drabbas. Multiorgansvikt är 
förknippat med hög dödlighet. 

För att minimera tiden som donatorhjärtat är utan syre så har Stig Steen och hans 
forskargrupp i Lund utvecklat en mini-hjärtlungmaskin i en box. Gruppen har visat att 
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hjärtboxen kan bevara ett grishjärtas funktion i 24 timmar. Hjärtat stannas och kyls ner 
på det vanliga sättet. Sedan kopplas hjärtat till boxen som har en temperatur på 8C, 
och en närings- och syrerik blodlösning pumpas runt i hjärtats kranskärl. På så vis 
tillgodoser boxen hjärtats minimala syre- och näringsbehov. Hjärtboxen kan bäras av 
två personer och transporteras i bil och flygplan.  

I delarbete I undersökte vi om syrebristtiden, i kombination med tiden från att 
donatorhjärtat återfick blodcirkulation till att man kopplade ifrån hjärtlungmaskinen, 
hade någon betydelse för resultatet. I studien ingick 331 tidigare hjärttransplanterade 
patienter i Lund. Resultatet visade att om donatorhjärtat varit utan syre i mer än 4 
timmar, ökade risken för allvarlig avstötning det första året. Om hjärtat fick pumpa 
utan att arbeta hårt, genom att tiden som mottagaren var kopplad till 
hjärtlungmaskinen varade i minst 1 ½ timme, minskade risken för allvarlig avstötning 
det första året. Överlevnaden var också bättre för de som inte hade haft allvarlig 
avstötning. 

Delarbete II var en säkerhetsstudie med de 6 första hjärttransplantationerna i världen 
på människa, som fått donatorhjärtan bevarade i den nya hjärtboxen. I kontrollgruppen 
ingick 25 patienter, transplanterade med standardförvarade hjärtan. Resultatet visade 
att hjärtboxen är säker att använda då inga patienter i hjärtboxgruppen fick några av de 
negativa utfall som ingick i protokollet, eller dog under de första sex månaderna efter 
hjärttransplantationen. I kontrollgruppen fick 28% ett negativt utfall varav en patient 
(4%) dog.  

I delarbete III undersökte vi halter av vanliga prover för hjärtskada på donatorhjärtan 
som varit förvarade på standardsättet. Prover togs från 63 hjärtan när man givit den 
första skyddande lösningen till hjärtat efter ankomst till mottagaroperationen. Proverna 
analyserades omgående med en apparat som ger svar efter 15 minuter. Analysen visade 
att ökade halter av en vanlig hjärtskademarkör var förknippat med tidig hjärtsvikt och 
ökat behov av ECMO efter transplantationen. 

Delarbete IV var en registerstudie på donatorns ålder i förhållande till syrebristtiden. I 
studien ingick 84 440 patienter från det största registret i världen, International Society 
for Heart and Lung Transplantation. Vi fann att mottagare som fått hjärtan från 
donatorer, 60 år och över i kombination med lång syrebristtid, hade sämre överlevnad 
jämfört med donatorer, 60 år och över, med kort syrebrist. Yngre donatorhjärtan 
tolererade syrebrist bättre, men om man såg till korttidsöverlevnaden, var det bättre 
med kortare syrebrist, under 3 timmar, oavsett donatorsålder. 

Sammanfattningsvis tyder resultatet på att man minskar risken för allvarlig avstötning 
och därmed förbättrar överlevnaden, om man låter hjärtat återhämta sig i minst 1 ½ 
timme med hjärtlungmaskin vid hjärttransplantation.  
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Den nya hjärtboxen som försörjer det nedkylda donatorhjärtat med en närings- och 
syrerik blodlösning, är säker att använda vid hjärttransplantationer. 

Hjärtboxen bevarar sannolikt donatorhjärtat bättre än standardförvaringen i en 
kylväska. Hjärtboxen gör troligtvis störst nytta om syrebristtiden är lång, över 3–4 
timmar, och sannolikt om donatorn är 60 år eller mer. Om syrebristtiden är kortare, 
under 3 timmar, och särskilt om donatorn är yngre än 40 år, har hjärtboxen sannolikt 
mindre betydelse för donatorhjärtats funktion.  

Snabbanalyssvar av hjärtskadeprover direkt efter förvaring av donatorhjärtat, kan ge en 
signal om hur väl hjärtat är bevarat och om man kan förvänta sig problem i samband 
med att koppla ifrån hjärtlungmaskinen.  

Ett organ är den finaste gåva någon kan ge eller få. Även om inte alla donerade organ 
har samma tålighet för syrebrist, så kan ett optimalt omhändertagande minska skadan 
som orsakas av syrebrist och därmed förbättra hjärtats funktion. Det kan ha stor 
betydelse för livskvalitén och överlevnaden för hjärttransplanterade personer. Det kan 
också bidra till att man kan tillvarata fler hjärtan som man idag avstår från. 
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Abbreviations 

ACR acute cellular rejection 
AKI acute kidney injury 
ATP adenosine triphosphate 
CAV cardiac allograft vasculopathy 
CK-MB creatine kinase-muscle brain 
CPB cardiopulmonary bypass 
CRRT continuous renal replacement therapy 
cTnI cardiac troponin I 
DAMP damage associated molecular patterns 
DBD donation by brain death 
DCD donation by cardiac death 
DNA deoxyribonucleic acid 
ECMO extracorporeal membrane oxygenation 
EMB endomyocardial biopsy 
HR hazard ratio 
ICU intensive care unit 
I/R ischemia/reperfusion 
ISHLT  International Society for Heart and Lung Transplantation 
LVAD  left ventricular assist device 
LVEF left ventricular ejection fraction 
NIHP non ischemic heart preservation 
OR odds ratio 
PGD primary graft dysfunction 
PGF primary graft failure 
RNA ribonucleic acid 
ROS reactive oxygen species 
SCS static cold storage 
VA veno arterial 
VAD ventricular assist device 
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Introduction 

History of Human Heart Transplantation  

The first human to human heart transplantation was performed in Cape Town 1967 
by the cardiac surgeon Christiaan Barnard and his team. They were technically 
prepared by their own experiments in large animals. Nevertheless, Barnard made it clear 
that the transplantation would not have been possible without previous work in the 
field, especially by Shumway and Lower at Stanford and Virginia. Other advancements 
in specialist fields such as immunology and biochemistry was also a prerequisite (1). 
The first patient only survived 18 days; they misinterpreted pulmonary infiltrations on 
the x-ray as a sign of rejection and increased the immunosuppression therapy, and the 
patient, deteriorated and died. However, the cause of death was pneumonia, and the 
autopsy showed no signs of rejection, and that the surgery was faultless. Encouraged by 
these findings, Barnard decided to perform a second heart transplantation. This patient 
survived 18 months and died from graft arterial sclerosis or what we today call cardiac 
allograft vasculopathy (CAV) or chronic rejection (2-4).  

Barnard and colleagues in South Africa continued to heart transplant and other centers 
in the world followed, but the results were discouraging, and many centers stopped 
their transplant programs shortly after they were started (5). The patients died from 
infections and rejections. There were no existing techniques to diagnose rejection and 
the knowledge and possibilities how to manage it was poor. When the Stanford group 
introduced the percutaneous transvenous endomyocardial biopsy in 1973 there was 
now a way to detect even minor occurrence of rejection (6). Another important 
milestone was the findings by Borel in 1976 which was that the fungal metabolite 
cyclosporin A had an immunosuppressive effect. The transplantation outcomes 
increased significantly with cyclosporin A (2, 4, 7).  

In the 1980s many governments included the brain death criteria, as a declaration of 
death in the law, and heart transplantation became an established treatment in many 
countries. Even though the first heart transplantation in Sweden was performed in 
Göteborg 1984, the law changed in 1987, and after that the transplant programs could 
start properly. Today, all heart transplantations in Sweden are made with donations by 
brain death (DBD). However, to increase the donor pool, there are several centers in 
the world that perform heart transplantations with donations by cardiac death (DCD).  
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Yesterday’s Heart Preservation 
The first heart transplantation by Barnard was made in what we today would call a 
DCD approach; and the donor and the recipient were in the operating rooms adjacent 
to each other. Although the donor was declared brain dead by a neurosurgeon, the 
ethical rules at the time did not fully support this criterion of death. Therefore, Barnard 
decided to stop the ventilator and wait for the hypoxia to cause cardiac arrest. 
Thereafter the donor was connected to a heart-lung machine to oxygenate and restore 
the function of the heart. A drainage cannula in the right atrium and an arterial cannula 
in the aorta ascendens were inserted together with a vent through the apex into the left 
ventricle. The donor was perfused with cold oxygenated blood to reduce the 
metabolism in the heart. When the body temperature reached 25C the arterial cannula 
was turned to the aortic valve and the aorta was cross clamped. The flow was reduced 
and only the heart was now perfused and further cooled. When the heart had a 
temperature of 16C the heart-lung machine was disconnected, and the venous cannula 
was removed. The arterial cannula and the vent were kept in place and after the excision 
of the heart and transferring it in a sterile basin to the recipient, the donor heart was 
connected to the recipient’s heart-lung machine. The donor heart was then perfused 
via the arterial cannula from a separate pump. By these actions the ischemic time could 
be kept short (1, 8), Figure 1.  

 

Figure 1. Illustration of the cardiopulmonary bypass circuit from the first heart transplantation. CN Barnard, Human 
Heart Transplantation, The Canadian Medical Association Journal (CMAJ), Jan 1969; 100 (3):91-104. According to 
CMAJ, figures are free to use in theses. 
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Another example of avoiding cutting out a beating heart was Switzerland’s first heart 
transplantation performed by the Swedish surgeon Åke Senning in 1969. The donor 
was hypothermic at 31C, circulatory instable and was declared brain dead by a 
multidisciplinary team. They connected the donor to the heart-lung machine and 
cooled the body further down. The heart was examined and eventually it developed 
ventricular fibrillation because of the low body temperature and then the heart was 
excised and transferred into the recipient’s operating room. In this setting, the heart 
was never ischemic before the excision. The surgery went well, and initial recovery was 
uneventful. Still, the patient died a month later in pneumonia (4).  

Ischemic Time  

Lower and Shumway demonstrated in a dog model that a heart could be stored in saline 
at a temperature of 2–4C for 7 h and be successfully transplanted (4, 9). This 
eventually initiated the first successful transplantation with distant procurement of a 
donor heart in another hospital and transport of it in 1973 to the recipient hospital at 
Stanford. The preservation technique was simple topical cooling in saline and the 
ischemic time of the heart was 110 min. This opened up for the use of hearts from 
other hospitals located further away (2).  

Billingham and colleagues, also from Stanford obtained biopsies before and 30 min 
after reperfusion from transported hearts. They found that hearts with an ischemic time 
of 3 h had ultrastructural changes in the sympathetic nerve endings which worsened 
after reperfusion, but except for the endothelial damage they appeared to be reversible. 
Despite these deleterious findings they observed dense core granules in the sympathetic 
nerve endings after 3 h. The patient survival was acceptable and even superior to the 
heart transplantations on site without transportation, and therefore the transplantation 
program at Stanford continued (10). Based on these findings, 3–4 h of ischemic time 
were accepted, leading to a threshold of 4 h.  

In transplantations, there is cold and warm ischemia. Cold ischemia starts at donation 
when the donor aorta is cross-clamped, and cold cardioplegia arrests the heart. Excision 
is performed and the heart is submerged into a cold cardioplegia solution in a cooling 
bag. Warm ischemia starts when the heart is removed from the bag and is about to be 
implanted into the recipient. The total ischemic time ends when the cross-clamp is 
released in the recipient. 

When the heart arrives to the recipient’s operating room, the heart is removed from the 
cold storage. In Lund, leukocyte filtered cold blood cardioplegia from the recipient’s 
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heart-lung machine is administered antegrade and with intermittent doses after each 
anastomosis. By these cardioplegia doses, the myocardial protection continues. The 
technical term during the implantation is however warm ischemia. 

According to the report from 2017 International Society for Heart and Lung 
Transplantation (ISHLT), the risk for death within one year increases almost linearly 
when ischemic time is analyzed as a continuous variable (11).  

The coordination of every single detail in the transplantation process is therefore 
essential to keep the ischemic time as short as possible. The transplant coordinator 
calculates meticulously and estimates a time schedule that all must comply with.  

Donor Age and Ischemic Time 

The heart transplantation survival rates at Stanford increased after 1975. A contributing 
factor was their strict criteria for recipients and donors which were developed based on 
the follow-up results from the first 7 years of transplanting (12). Amongst other criteria, 
the recipients must be between 15 and 50 years old and the donors under 35 years (2).  

If we exaggerate somewhat, a perfect donor is a former healthy young man under the 
age of thirty without any aggravating risk factors. The cause of death ought to be due 
to trauma and the heart should not have suffered from circulatory instability or cardiac 
arrest. This perfect donor must further be matched with a perfect recipient, who is a 
young man or a woman under the age of 50 years, with no other risk factors than 
incurable heart disease. The donor and the recipient should additionally match in all 
possible ways. On top of this, the ischemic time should be kept short. This is of course 
a utopia and to a large extent history.  

Due to overall advancements in healthcare with effective treatments for several kinds 
of diseases including heart failure, we now have a growing aging society. Furthermore, 
improvements in immune suppression, organ preservation, and the technology with 
implantable ventricular assist devices (VADs) etc. have resulted in the fact that today, 
even 70-year-olds are on the transplant waiting list. 

To handle the increased demand for donor organs, we must use so called marginal 
hearts with a higher risk for primary graft dysfunction (PGD), cardiac allograft 
vasculopathy (CAV), and mortality. The donor organ becomes marginal mainly by 
increased donor age, present left ventricular hypertrophy, size mismatch, female donor 
to male recipient, donor hepatitis B/C infection, and/or prolonged ischemic time. 
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Nevertheless, with sufficient preservation and careful selection of donor and recipient, 
these hearts can be used for heart transplantation with a satisfactory outcome. (13, 14).  

There is no consensus on what the exact threshold for old donor age and prolonged 
ischemic time should be, but we know that a combination of these two factors is not 
safe (11, 15-18).  

Russo et al found that the effect of ischemic time varies by donor age with greater 
tolerance for prolonged ischemic time with hearts from young donors. The threshold 
for an old donor in this study was ≥ 34 years (18), which is no longer relevant in 
Scandinavia where the mean donor age is higher (19). The study was reproduced with 
modern data with similar results, although the risk with longer ischemic time was 
slightly attenuated (16). Other studies have the threshold of 50 years with resembling 
findings establishing that a combination of high donor age and prolonged ischemia is 
associated with reduced survival (15, 20).  

New guidelines on donor selection will be published soon. However, the current 
guidelines from 2010 ISHLT regarding donor age proposes that hearts from donors < 
45 years are generally safe to transplant, 45–55-year-old donors are safe when no other 
unfavorable circumstances such as ischemic time ≥ 4 h or aggravating recipients’ factors 
exist. Donor hearts > 55 years should only be used if the survival benefit of a heart 
transplantation exceeds the increased risk for impaired survival with a heart less tolerant 
for ischemic injury (21). The clinical reality in Sweden is that 60–70-year-old donors 
have been used for transplantation to a higher degree during the last decade. 

Cardioplegia  

In contrast to the initial era of cardiac surgery with ventricular fibrillation, the 
controlled elective cardiac arrest with hypothermic hyperkalemic cardioplegia has 
revolutionized cardiac surgery and further heart preservation in transplantations.  

The first study of high potassium induced cardiac arrest was made by Melrose et al in 
1955 (22). The results were promising, however, subsequent studies found that the use 
of potassium citrate was associated with necrosis in areas of the heart. Consequently, 
the use of hyperkalemic cardioplegia was abandoned for almost 20 years (23). However, 
the interest in arresting the heart never ended since there was evidence that cardiac 
arrest significantly lowers the myocardial oxygen consumption (22, 24-26).  

Hearse and colleagues at St Thomas hospital in London developed a cardioplegic 
solution and stated three components of importance for an effective myocardial 
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protection, 1) rapid induction of cardiac arrest to conserve energy and facilitate a still 
operating field, 2) lower the rate of metabolism by using hypothermia, and 3) the 
addition of other chemical agents for protection from deleterious ischemia-induced 
products (27).  

During the same era, Bretschneider et al developed a cardioplegic solution with low 
sodium and high potassium (28). Hyperkalemic crystalloid cardioplegia was first tried 
on aortic valve replacement surgery for elderly patients in the 1970s. The standard 
preservation at the time was ventricular fibrillation with continuous or intermittent 
perfusion of the coronary arteries from the heart-lung machine or topical cooling. This 
was not entirely satisfactory; the mortality was quite high. Patients with aortic valve 
stenosis often have severe left ventricle hypertrophy which is less tolerant to ischemic 
injury. With hyperkalemic cardioplegia, the survival rate for these patients improved 
significantly and it became routine for all types of cardiac surgery (29).  

Cardioplegic solutions contain a variety of different ions and chemical agents, and they 
are defined as intracellular or extracellular based on the ion concentrations of sodium 
and potassium. Extracellular cardioplegia is characterized by high levels of potassium, 
magnesium, and sodium which prevents the repolarization of cardiomyocytes. 
Intracellular cardioplegia contains high potassium and low sodium to reduce the 
potential gradients across the cell/plasma membrane which facilitates cardiac arrest 
(28).  

Unfortunately, the flush of cold crystalloid cardioplegia harms the endothelium which 
is important to maintain a normal vessel function. Endothelial cells produce substances 
that control vascular permeability, vessel tone, coagulation, fibrinolysis, and 
inflammatory response. The healthy endothelium is antithrombogenic and yet 
stimulate platelet aggregation and coagulation if it becomes injured (30, 31). 

With some modification of the composition, which is most notable, an increase of the 
ion concentrations, crystalloid cardioplegia can be mixed with blood and become blood 
cardioplegia. This has become more popular in cardiac surgery due to the natural 
buffer- and oxygenation carrier capacity of the blood. The solution also becomes 
oncotic which can prevent endothelial edema and damage. Furthermore, since the 
cardioplegia is mixed with the patients’ blood, the administered fluid volume to the 
patient becomes significantly less which often is advantageous. This was originally used 
by Buckberg and is now widely used (32).  

Blood cardioplegia is seldom used in heart transplantations for cardiac arrest in the 
donor. In a prospective randomized trial, Luciani et al compared blood cardioplegia 
with crystalloid cardioplegia in donors, but with no convincing superiority for blood 
cardioplegia. It also led to a risk for low perfusion in all donor organs since the blood 
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was collected from the donor. Extra equipment which consisted of a portable roller 
pump, a perfusion system with a heat exchanger to cool the cardioplegia was also 
required, and accordingly, a perfusionist to handle the blood cardioplegia 
administration (33).  

St Thomas cardioplegia is a crystalloid extracellular solution with high potassium, but 
with less concentration than the predecessor from the 1950s, with high magnesium 
concentration and other additives (27). With some modifications from the initial 
solution, this is the cardioplegia we use in Lund for inducing cardiac arrest in the donor 
heart and for static cold storage during the transport. The full composition is shown in 
Table 1. 

Table 1. Composition of St Thomas solution, Plegisol (Hospira Inc, Lake Forest, USA) 
Sodium chloride 120 mmol/L 

Potassium 16 mmol/L 

Sodium bicarbonate 10 mmol/L 

Calcium 1.2 mmol/L 

Magnesium 16 mmol/L 

Procaine 1 mmol/L 

Osmolality 280 mosM/Kg H2O 

pH 7.8 

Brain Death 

Brain death occurs when the intracranial pressure becomes higher than the systolic 
arterial blood pressure. At this state the brain and the brain stem are assumed to be 
without circulation and if the body temperature is normal, the brain dies within 
minutes (34).  

When the brain dies, the respiratory and vasomotor centers will be destroyed. This 
triggers a catecholamine storm with high arterial blood pressure followed by the 
opposite which is loss of peripheral resistance with severe low arterial blood pressure. 
This will most likely be treated with aggressive fluid resuscitation, vasoconstrictive 
drugs, and perhaps inotropic and hormonal drugs, with the intention to save organs 
from low perfusion (34). High doses of dopamine, adrenaline, or noradrenaline are 
associated with primary graft dysfunction (35) and an explanation might be that 
catecholamines contribute to increased myocardial oxygen demand and reduced 
myocardial perfusion (36).  
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Early intervention is important to prevent a vicious cycle of high demands and low 
support from becoming manifest. Recently, a low dose of vasopressin has arisen as the 
first recommended drug (37, 38). 

Steen et al showed in decapitated pigs that the peak of the catecholamine storm 
occurred 2 minutes after the loss of the vasomotor center. Hypotension started after 30 
minutes, and after 12 h, 7 of 8 pigs had less than 40 mmHg in mean aortic pressure. 
Apparently, there is a reuptake of catecholamines in the synaptic nerve terminals, 
however, the reuptake can be blocked by cocaine. Cocaine and catecholamines together 
with pituitary gland substitutes, all in low doses, were mixed into a pharmacological 
treatment composition, which one group was treated with. All animals treated with this 
pharmacological composition were circulatory stable during the 24 h observation 
period (34). This special pharmacological composition is not yet in clinical use for 
potential donors.  

There is evidence from kidney transplantations that organs from brain dead donors are 
in worse condition and are transplanted with inferior outcomes than those from living 
donors (39, 40).  

A review by Apostolakis et al showed that besides the catecholamine storm, brain death 
could cause inflammatory- and hormonal storms which can lead to donor heart 
dysfunction. Myocyte necrosis, production of reactive oxygen species, and an 
inflammatory storm with cytokine release from the dying brain, etc. predispose the 
heart to a more pronounced ischemia/reperfusion injury (38). 

It can be difficult to decide whether to accept or reject a donor heart with possible 
dysfunction. There are conflicting studies on whether elevated cardiac biomarkers in 
the donor can predict primary graft dysfunction (41-45). Thus, there is not enough 
evidence to turn down a donor heart based one single biomarker; however, a 
combination of biomarkers increases the predictability (46).  

The assessment of the heart with echocardiography is moreover often challenging due 
to a stressed heart on drugs, for example low dose dopamine. The precise estimation of 
left ventricular ejection fraction (LVEF) can only be made with optimization of preload 
and afterload (38, 45). 
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Today’s Heart Preservation 

Static Cold Storage 

The current of standard of donor heart preservation has not changed significantly since 
the 1970s. Of course, techniques and solutions have been refined, but the core is the 
same. It is a simple and reliable method and has been used with acceptable or some will 
advocate very good results for decades. The preservation solution varies between 
centers, but the heart is always stored cold, at approximately 4C. The cold preservation 
with crystalloid cardioplegia starts directly after the aorta is cross clamped in the donor 
as described in the chapter Cardioplegia.  

Although the reduction of the metabolic rate is effective with static cold storage, the 
cell metabolism does not come down to zero. Consequently, there will be a progressive 
ischemic injury of the heart and the duration of the cold storage is finite. The switch to 
anaerobic metabolism is used for vital cell functions and it leads to endothelial cellular 
swelling and lactic acidosis. The catabolism of high energy phosphates (ATP) during 
static cold storage leads to production of reactive oxygen species. The acidosis activates 
the change of H+ and Na+ across the cell membrane. Rising intracellular Na+ leads to an 
exchange of Na+ and Ca+ resulting in an overload of intracellular Ca2+ (31, 36, 46, 47).  

We further assume that the heart is evenly and fully preserved, however there can be 
areas of the heart, especially in hearts with left ventricular hypertrophy, that can be 
poorly preserved (47).  

Ischemia / Reperfusion Injury 

Due to the ischemia, there is hypoxic tissue with microvascular dysfunction in the 
donor heart endothelium. Unfortunately, the microvascular dysfunction becomes 
exacerbated by the release of the aortic cross-clamp. The reperfusion starts a profound 
inflammatory- and immune response and initiates cell death programs. The severity of 
the ischemia/reperfusion injury depends consequently on the length of the ischemic 
time (31, 48-52). 

In the first phase, seconds to minutes, the already high influx of Ca2+ in the myocyte 
and the formation of reactive oxygen species increase even further. This leads to 
mitochondrial membrane rupture and possible death of myocytes. Mitochondrial 
permeability transition pores open, and cell death factors can move freely across the 
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myocyte membrane. The following minutes, hours and maybe days, the cell death 
releases several cell components such as ATP, DNA and RNA into the extracellular 
space. Damage associated molecular patterns (DAMPs) circulate in the extracellular 
space and they act as activators of a complex cascade in ischemia/reperfusion injury. 
DAMPs promote release of cytokines and innate- and adaptive immune cells. 
Neutrophil leukocytes are an essential part of the innate immune system and neutrophil 
adhesion in the endothelium recruits other leukocytes and platelets etc. The adhesion 
can lead to infiltration of the tissue which becomes an inflammatory state and if severe 
it can result in primary graft dysfunction and rejection (31, 48, 49, 53-57), Figure 2. 

 

Figure 2. Illustration on reperfusion leading to I/R injury leading to PGD and rejection. Silvis M et al. Front Immunol. 
11:599511. 2020. Published with Frontiers Open Access, CC-BY license. 

Moreover, the blood flow may not reach the hypoxic tissue immediately because of the 
endothelial cell swelling and the intravascular infiltrations that is mentioned above. 
This is called the “no-reflow phenomenon” (58, 59). 

Reperfusion Strategies 
There are strategies during reperfusion which are meant to decrease the 
ischemia/reperfusion injury. For example, adding a leukocyte depleting filter in the 
cardioplegia circuit could be of benefit (60-63). This was confirmed in a prospective 
randomized trial in heart transplantations by Dvorak et al. They could conclude that 
leukocyte depletion was associated with less myocardial injury, enhanced graft 
functional recovery, improved spontaneous rhythm, shorter need for epicardial pacing, 
lower chest drainage, which led to reduced time on ventilator, less risk for infection, 
and shorter stay at the intensive care unit (61).  



25 

The first study on the effect of cytokine removal with an adsorber during heart 
transplantations has shown promising results with reduced need for vasopressor drugs 
and less need for continuous renal replacement therapy (64). 

Studies of pharmacological agents, frequently in animal studies, have shown to reduce 
ischemia/reperfusion injury. For example, cyclosporin A can inhibit the opening of 
MPTP and is thereby cardioprotective (53), however, no clinical trials in heart 
transplantation have been able to confirm these findings. 

It has been suggested that we sometimes push the just recently transplanted heart too 
hard, and it could be of advantage to let the heart rest with low stroke volumes in an 
unloaded state to let the ischemia/reperfusion injury pass by (65). Veno-arterial 
extracorporeal membrane oxygenation (VA-ECMO) can support the circulation post 
operatively and it is an established treatment of primary graft dysfunction in heart 
transplantation. Unfortunately, there are several risk factors associated with VA-
ECMO such as increased risk of infections, bleeding, neurological insults etc (46, 66-
69).  

Cardiopulmonary bypass (CPB) has the same capacity as VA-ECMO to support the 
circulation and perhaps even better since it can unload both ventricles sufficiently. As 
for VA-ECMO, there are several risk factors associated with CPB. For example, the 
systemic inflammatory response is triggered by CPB itself (70) and prolonged CPB is 
associated with increased mortality (71). In general, CPB is considered harmful and 
there is a tendency in cardiac surgery that it is better to come off CPB as soon as 
possible. Still, it could be advantageous to prolong the reperfusion with CPB to decrease 
the detrimental effects of ischemia/reperfusion injury and thereby reduce the risk for 
primary graft dysfunction and rejection. 

Primary Graft Dysfunction 

Primary graft dysfunction (PGD) is quite common after heart transplantation; 
however, the incidence reports have varied because of inconsistency in the criteria. A 
recent report from UK showed a PGD incidence of 36% with the 2014 ISHLT 
classification. PGD is a serious complication and is to a large extent accountable for 
early mortality. Clinical observations include low arterial blood pressure requiring high 
doses of inotropic support, high central venous- and pulmonary wedge pressure, and 
visually low left ventricular ejection fraction on echocardiography (36, 46, 72).  

Despite all effort that is being made to preserve the donor heart, all parts of the 
transplantation process that have been described here can contribute to the 
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development of PGD. Moreover, there are several risk factors in the characteristics of 
the donor and the recipient that also play a role (36, 46, 56, 72, 73). 

According to the consensus conference on PGD at ISHLT in 2014, the diagnosis 
should be set within 24 h of complete surgery and be divided into left and right 
ventricle. PGD-left ventricle is categorized as mild, moderate, and severe. PGD-right 
ventricle has no grading (46), Figure 3.  

 

Figure 3. PGD (primary graft dysfunction) grading according to consensus statement. Published in J Heart Lung 
Transplant 2014;33:327-340. Published in Open access. 

Early detection of PGD is important for clinical guidance on how to treat the patient. 
To achieve this, point-of-care methods with quick responses of biomarker analysis 
could be useful.  

Optimization of hemodynamic drugs is essential and nitric oxide inhalation is strongly 
recommended to reduce the vascular resistance in the lungs and thereby ease the right 
ventricle´s stroke work. Prolonged reperfusion may be required or initiation of 
mechanical support with intra-aortic balloon pump (IABP), and if the PGD is severe, 
there is no other alternative than connecting the patient to VA-ECMO or perhaps 
another type of VAD (46, 73).  
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Acute Cellular Rejection 

There are two types of acute graft rejection: acute cellular rejection (ACR) and acute 
antibody-mediated rejection (AMR). AMR is less common due to modern crossmatch 
techniques, although associated with inferior survival. It can become very dramatic for 
patients with preformed antibodies for example from previous transplantation, blood 
transfusions, pregnancy etc. (56). This thesis is focusing on ACR which is the majority 
of all rejections.  

ACR can occur after a few days post operatively, and the incidence is higher during the 
first year. ACR can however occur later in the aftermath of transplantations. In the 
report from ISHLT 2019, the incidence of ACR within the first year varies from 13% 
to 30% (74).  

The symptoms for ACR are vague, which makes it difficult to detect, and the 
endomyocardial biopsy is the gold standard for diagnosis. Most centers have 
standardized programs with frequent biopsies during the first year which gradually 
sparse out. Early treatment of ACR improves graft survival significantly (75).  

ACR is characterized by migration of T cells (lymphocytes) and macrophages into the 
myocardium with or without vasculitis. T cells are a part of the adaptive immune 
system which is activated by the foreign histocompatibility complex in the new heart 
and by the innate immune system. The severity of the ischemia/reperfusion injury sets 
the intensity of the innate and the following adaptive response (56, 76).  

A standardized grading system for diagnosis of rejection was developed in 1990 and 
revised in 2004. Today, rejection is graded from 0 to 3R where R stands for the revised 
grade to avoid confusion with the old system (77), Table 2. 

Table 2. ACR grading by the 2004 ISHLT classicification system. 

0 R No signs of rejection 

1 R, mild Interstitial or vascular infiltrate with one focus of 
myocyte damage 

2 R, moderate Two or more infiltrates with myocyte damage 

3 R, severe Diffuse infiltrates with multiple myocyte damage, 
variable edema, interstitial hemorrhages, and vasculitis 

 

Moderate and severe ACR have been associated with cardiac allograft vasculopathy 
(CAV), which is also referred to as chronic rejection. CAV is an accelerated form of 
coronary artery disease, and the prognosis is poor if the vasculopathy becomes severe. 
Few patients benefit from revascularization because of the diffuse vascular changes. The 
only definite treatment is retransplantation, and the primary effort must focus on 
prevention (78-82). 
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Tomorrow’s Heart Preservation 

Machine Perfusion 

Inhibiting the immune response with immunosuppressive drugs acting on the T cells 
in the adaptive immune system is a very important corner stone in transplantation; 
however, these drugs have many deleterious side effects, particularly in high doses. 
Infections, malignancies, diabetes, renal insufficiency are example of these. Survival will 
therefore improve if they can be kept in low doses (83).  

By targeting factors that triggers the innate immune system it might be possible to 
reduce the immune response (47, 56, 76). Ex-vivo machine perfusion (MP) of donor 
hearts may have the ability to reduce the ischemia/reperfusion injury and thereby 
reduce the risk for ACR and the need for high doses of immunosuppression. Animal 
studies have shown reduced donor heart immunogenicity via leukocyte depletion (84), 
and less endothelial damage with non-ischemic heart preservation.  (85-87).  

With oxygenized ex-vivo machine perfusion, the heart receives oxygen and metabolic 
substrates. There are two types of machine perfusion with profound different approach: 
hypothermic machine perfusion - and normothermic machine perfusion. 

In normothermic machine perfusion with Organ Care System (OCS), the heart is 
beating and metabolically active (88). Normothermic machine perfusion have failed to 
show significance in outcomes compared to static cold storage in randomized trials (88, 
89), although in high-risk cases with extended ischemic time and for DCD hearts, it 
seems to be of benefit (90-92). One explanation could be that it is possible to evaluate 
the organ during the perfusion by measuring the lactate production and discard hearts 
that are in an anaerobe state and thereby inadequately preserved.  

In hypothermic machine perfusion with non-ischemic heart preservation (NIHP), 
called the “heart box”, the heart is resting in a cold cardioplegic state during perfusion. 
Preclinical studies, using the NIHP, have shown that pig hearts can safely be perfused 
for 24 h with preserved endothelial contractile function for at least 8 h (87, 93). 

Hypothermic machine perfusion seems to be less complicated compared to 
normothermic machine perfusion because of the low metabolic rate. The arrested cold 
heart requires only a small amount of oxygen and nutrients, and it adds an extra safety 
if any technical error should occur (93, 94).  

Machine preservation could lead to an increased donor pool of marginal hearts, which 
have been suggested by others (13, 95).  
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Aims of the Thesis 

The general aim of this thesis is to increase the knowledge on how ischemic time, heart 
preservation, and perfusion with cardiopulmonary bypass during a heart 
transplantation affects the organ and the recipient.  

The specific aim in each article was: 

I. To analyze the influence of ischemic time and reperfusion time with 
cardiopulmonary bypass on acute cellular rejection within the first-year 
post-heart transplantation and long-term survival. 

II. To evaluate the efficacy and safety with the new Non-Ischemic Heart 
Preservation method, “The Heart Box”. 

III. To investigate the feasibility of measuring cardiac biomarkers, with a 
point-of-care method in the coronary sinus effluent from the donor heart 
immediately after the first dose of blood cardioplegia and use as a predictor 
of severe graft dysfunction. 

IV. To analyze the influence of ischemic time on survival, stratified by donor 
age and find potential interactions. The secondary aim was to investigate 
if we could distinguish a donor age group that benefits the most of ex-vivo 
heart preservation. 
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Material and Methods 

Ethical Aspects 

All studies were approved by the ethical review committee in Lund, Sweden and were 
performed according to the Helsinki declaration. 

In study I, we informed the study cohort by an advertisement in the newspaper 
(Sydsvenskan). This was due to the extended study period from 1988 to 2016. Several 
patients were dead at the time, and because of the retrospective study art with data 
obtained from registries with completion from the patient’s medical records, there was 
minimal risk for violating the individual integrity. Some patients in the later period of 
study I were also included in study III.  

Written informed consent was obtained from patients in studies II and III.  

In study II, the consent was affirmed on the day of the heart transplantation and 
included collection of biological samples for storage in a biobank. It was the first-in-
human study with the new heart box of donor hearts. After the first and third 
transplantation, an interim analysis was performed before inclusion of the last patients. 
This was mandated by the ethics committee to assess the safety and logistic feasibility 
with the heart box. 

Patients and study design 

Study I 

Data was extracted from local database of the hospital, Nordic Thoracic 
Transplantation database, which is a registry within the Scandiatransplant organization, 
and missing data were completed from the patient’s medical record. All patients who 
met the inclusion criteria having undergone heart transplantation at Skåne University 
Hospital (SUS), Lund between 1988 and 2016 were eligible in the study.  
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We excluded children < 16 years (n=39), patients with previous transplants (n=4) and 
patients who died within 24 h after surgery (n=7). After exclusion, 331 patients 
remained for retrospective data analysis. 

Endomyocardial biopsies were graded according to the revised (R) 2004–ISHLT 
working formulation (77).  

The ischemic time was considered extended if the conventional threshold of 4 h was 
exceeded. Reperfusion was calculated from the release of the aortic cross-clamp to 
termination of the cardiopulmonary bypass. A clinically relevant cut-off of ≥ 1 ½ h for 
prolonged reperfusion was chosen. 

Patients were thereafter divided into four groups by the ischemic time (</≥ 4 h) and 
the reperfusion time (</≥ 1 ½ h).  

Endpoints 
The primary endpoint was the presence of ACR ≥ 2R within the first year after heart 
transplantation. The secondary endpoint was graft survival with one year after heart 
transplantation as a landmark. 

Study II 

This study was a nonrandomized open-label phase 2 trial (first-in-human safety study) 
at SUS, Lund. Between April 2, 2017, and September 25, 2018, 6 patients were 
transplanted with donor hearts preserved with machine preservation, the new method 
Non-Ischemic Heart Preservation (NIHP) - the heart box. These were compared to 25 
control patients transplanted with donor hearts preserved with static cold storage.  

Donors had to fulfill the inclusion criteria’s: ≤ 70 years, no insulin-treated diabetes, 
significant coronary artery disease, hepatitis B- or C positive serology, HIV positive 
serology, tuberculosis, malignancy or abnormal LVEF < 45%. 

Recipients had to be ≥ 18 years, signed consent, not have undergone previous 
transplantation, had less than four sternotomies, had no malignancies, kidney failure, 
liver failure, septicemia, inflammatory disorders treated with corticosteroids, or be listed 
as urgent-call on the waiting list. 

The heart transplantations with the heart box were performed when team members 
trained in the system were available.  
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The Heart Box (Non-Ischemic Heart Preservation) 
The device is a miniaturized heart-lung machine housed in a portable box which has a 
built-in cooling compressor, temperature sensors, an oxygen/carbon dioxide system, 
and pressure-sensors that control the roller pump, Figure 4.  

 

Figure 4. The Heart Box device for Nonischemic Heart Preservation (NIHP). Nilsson et al. Nature communications, 
2020; 11:2976 

These components are programmed in the software to be automatic: the temperature 
is set to be kept at 8C, the gas mix is delivered with 200 ml/min and the pressure in 
the aortic root is adjusted to 20 mmHg providing a coronary blood flow between 150–
250 ml/min. Everything is monitored on the display and data can be extracted after 
perfusion, Figure 5 a. 

The disposables consist of sterile draping’s, a reservoir, a tubing system, an oxygenator, 
and a leukocyte filter. The perfusion system is primed with 2500 ml of heart 
preservation solution mixed with two units of irradiated, leukocyte filtrated 
erythrocytes (0 Rh neg) from the blood bank, approximately 500 ml. A blood gas is 
collected to analyze the solution. 
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Preservation Solution 
In broad terms, the solution acts in four ways: 1. High content of albumin makes the 
solution oncotic which prevents edema; 2. High content of potassium makes the 
solution cardioplegic which minimizes the metabolism; 3. The oxygenator saturates the 
erythrocytes in the solution which provides a non-ischemic state; 4. The 
catecholamines, cocaine, and hormones simulate that the heart is in a body 
environment (not brain dead). The full composition of the perfusate is seen in Figure 
5 b. 

NIHP technique 
At donation, the heart was arrested as usual, but with the special heart preservation 
solution (without erythrocytes).  

After excision, the aorta was cannulated with a double lumen cannula for deairing. A 
vent was placed in the left ventricle through the left atrium and the mitral valve. This 
was to prevent the risk of inflation of the left ventricle if leakage of solution through 
the aortic valve should occur during perfusion. The aortic cannula was connected to 
the tubing system and after deairing the system, the perfusion of the coronary arteries 
could start. The heart was mounted in the reservoir surrounded by the preservation 
fluid, Figure 5 c. 

 

Figure 5. a) Schematic picture of the perfusion system. b) Composition of the preservation solution. c) Mounting of 
the heart at the first heart transplantation with the heart box. Nilsson et al. Nature communications, 2020; 11:2976 
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The heart box has a battery backup and can be carried by two persons and be 
transported in a car or an airplane.  

At arrival in the recipient’s operating room, the heart was disconnected from the heart 
box and inspected. The aortic cannula was kept in place for perfusing the heart after 
each anastomosis with 200–300 ml of heart preservation solution during the 
implantation. Blood samples from the coronary sinus outflow were retrieved for bedside 
analysis of biomarkers.  

Static Cold Storage  
The donor heart was arrested with a crystalloid St Thomas solution (Plegisol; Hospira, 
Inc., Lake Forest, IL, USA) 1–2 L, and stored on ice. At arrival, 500–800 ml of 
antegrade cold leukocyte filtrated blood cardioplegia from the heart-lung machine was 
administered and blood samples were collected from the coronary sinus in the same 
way as for the heart box group. Blood cardioplegia 200–300 ml was repeated after each 
anastomosis together with collection of blood samples. 

Laboratory Analysis 
We used the point-of-care method – Cardio3 panel, Quidel Triage Meter Pro (San 
Diego, USA) to measure the concentration of CK-MB and cTnI from the coronary 
sinus. With this method, it took approximately 15 minutes from sampling to result. 

The point-of-care blood gas analyzer, ABL800 FLEX, Radiometer (Brønshøj, 
Denmark) was used with temperature correction to assess the NIHP solution. Most 
often, the potassium level and the pH acquired small adjustments with extra potassium 
chloride and sodium bicarbonate. This was due to the variations on how long the 
erythrocytes had been stored. We also analyzed blood gases for lactate levels from the 
coronary sinus. 

Endpoints 
The primary endpoint was a composite of survival free of severe primary graft 
dysfunction at 24 h, free of VA-ECMO use within the first week, and free from ACR 
≥ 2R within six months. Secondary outcomes included several post operative variables 
and graft/patient survival at six months. Serious adverse events were predefined, see 
article II for the full list.  
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Study III 

Between March 2015, and October 2018, 63 patients were included in this prospective 
observational study at SUS, Lund. All patients ≥ 18 years listed for heart transplantation 
at SUS, Lund were eligible for the study.  

After removal of the donor heart from static cold storage, the heart was perfused with 
antegrade cold leukocyte filtrated blood cardioplegia (500–1000 ml, ratio 8:1) from 
the recipient’s heart-lung machine. A blood sample was collected from the coronary 
sinus effluent when the initial dose was administered. We used the same point-of-care 
method for analyzing cardiac biomarkers as in study II.  

The upper interquartile range (IQR) of CK-MB- and cTnI concentrations was used as 
the cut-off to divide the patients into groups. 

Endpoints 
The primary endpoint was severe primary graft dysfunction according to the 2014 
ISHLT definition or the need for VA-ECMO within the first week. Secondary 
endpoints included different post operative variables, and 30 days - and one-year 
mortality. 

Study IV 

Data on heart transplantation patients between 1988 and 2018 were extracted from the 
ISHLT database. This is the largest registry for heart and lung transplantations in the 
world and the heart transplantation registry comprised 138,629 patients. Exclusion of 
young donors < 15 years and senior donors > 79 years was made. Patients with missing 
data in the key variable’s recipient -and donor age, ischemic time, and follow-up time 
were also excluded. After exclusion, 84,440 patients remained for analysis. 

The ischemic time was divided into 4 groups: < 2 h (n=12,948), 2–3 h (n=25,686), 3–
4 h (n=28,290), and ≥ 4 h (n=17,516).  

The recipients were further stratified by donor age into the ischemic time groups: 15–
39 years (n=56,836), 40–59 years (n=26,429), and ≥ 60 years (n=1,175). In total 
amounting to 12 groups.  

Endpoints 
The primary endpoint was survival stratified by ischemic time and donor age. 
Secondary endpoint was interaction between donor age and ischemic time if any, and 
whether we could distinguish a group that would benefit the most from Non-Ischemic 
Heart Preservation / The Heart Box. 
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Statistics 

Continuous variables are presented as mean with standard deviation (SD) or median 
with interquartile range (IQR) as appropriate. Categorial variables are summarized 
using frequency and percentage. 

To compare groups and calculate p values, chi-squared- and Mann Whitney tests were 
used, as well as Fischer’s exact test if the frequency was below five.  

In studies I and IV, we utilized logistic regression analyses which generate odds ratio 
(OR), 95% confidence intervals (CI) and p values to interpret the risk for death in 
different time eras. A competing multivariable risk regression model was used in study 
I to estimate the sub hazard ratio where first event or death competes with the outcome 
(ACR ≥ 2R). Cox regression was used in study IV to generate hazard ratio (HR), 95% 
CI, and p value for overall survival.  

Kaplan-Meier curves with or without log rank tests were used to illustrate survival in 
all studies. 

Due to the small number of participants in the heart box group in study II, no statistical 
tests were presented, only descriptive statistics. 

Area under the receiver-operated-characteristics (ROC) curves was created to analyze 
the diagnostic capability of the biomarkers on severe graft dysfunction in study III.  

All p values were considered significant if < 0.05 and data were analyzed with the 
statistical software package Stata, version 13 for study I, and version 15 for II–IV (Stata 
Corp, College Station, TX, USA).  
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Results 

Study I. Ischemia / Reperfusion Time 

Characteristics 

This study comprised a total of 331 heart transplantation patients from 1988 to 2016 
and represented 2,691 patient-years. The median duration of follow-up was 6.5 years 
(IQR 2.9–12.3). A total of 121 (37%) patients were on ventricular assist support and 
7 (2%) patients were on VA-ECMO before heart transplantation.  

For the total cohort, the mean duration of ischemic time was 187  61 min followed 
by mean reperfusion of 91  44 min. There were 56 (17%) patients who received donor 
hearts with ischemic time ≥ 4 h.  

Between the groups with ischemic time < 4 h, there was significant difference in the 
mean ischemic time. When the reperfusion was < 4 h, the mean ischemic time was 166 
 52 min, compared to mean ischemic time of 180  50 min, when the reperfusion 
was ≥ 4 h, p= 0.035.  

There was also significant difference in the mean ischemic time between the groups 
with ischemic time ≥ 4 h. When the reperfusion was < 1 ½ h, the mean ischemic time 
was 254  12 min, compared to mean ischemic time of 277  42 min, when the 
reperfusion was ≥ 1 ½ h, p= 0.010. 

The mean duration of cardiopulmonary bypass was consequently increased in the 
groups with reperfusion ≥ 1 ½ h: 222  61 / 245  61 min vs 155  37 / 175  45 min 
when the reperfusion was < 1 ½ h. 

The mean cross-clamp time was increased in the groups with ischemic time ≥ 4 h 
compared to the groups with ischemic time < 4 h: 85  35 min / 84  31 vs 77  25 / 
79  27 min. 

Table 3 shows recipient, donor, and transplant characteristics in the four groups. 
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Table 3. Baseline characteristics of the recipients, donors and transplantation data in the groups with short/long 
ischemic time and short/long reperfusion. 

 Ischemic Time  < 4 h   Ischemic Time  4 h  

 Reperf <1½ h 
(N=173) 
Group A 

Reperf 1½ h 
(N=102) 
Group B 

P  
Reperf <1½ h 

(N=25) 
Group C 

Reperf 1½ h 
(N=31) 

Group D 
P 

Recipient data        

 Age (years) 51 12 51 13 0.202  49 13 49 11 0.911 

 Sex (male) 121 (70%) 76 (75%) 0.417  19 (76%) 25 (81%) 0.674 

 Weight (kg) 77 14 80 17 0.145  74 13 80 20 0.182 

 Length( cm) 174 8 176 9 0.090  173 8 176 10 0.219 

 BMI 25 ±4.3 26 ±4.7 0.628  24 ±3.4 25 ±4.5 0.410 

 Diabetes 18 (10%) 10 (10%) 0.874  3 (13%) 6 (20%) 0.496 

 PRA Cytotox T-cells 14 (12%) 6 (8%) 0.344  3 (19%) 0 0.072 

 PRA Cytotox B-cells 25 (22%) 19 (25%) 0.600  6 (40%) 3 (14%) 0.103 

 Creatinine, umol 105 45 110 43 0.309  107 31 97 23 0.171 

 ECMO pre-HT 4 (2%) 1 (1%) 0.654  0 2 (7%) 0.497 

 VAD pre-HT 56 (32%) 40 (39%) 0.113  9 (38%) 16 (53%) 0.246 

 Urgent 13 (8%) 5 (5%) 0.397  2 (8%) 6 (19%) 0.227 

 Diagnosis   0.237    0.939 

  NonIschemic CM 108 (62%) 68 (66%)   13 (54%) 17 (57%)  

  Ischemic CM 34 (20%) 24 (23%)   8 (33%) 8 (27%)  

  Congenital 6 (3%) 4 (4%)   2 (8%) 3 (10%)  

  Other 26 (15%) 7 (7%)   1 (4%) 2 (7%)  

Transplant Era   0.018    0.109 

 1988–1999 49 (28%) 15 (15%)   11 (44%) 9 (29%)  

 2000–2009 48 (28%) 27 (26%)   8 (32%) 6 (19%)  

 2010–2016 76 (44%) 60 (59%)   6 (24%) 16 (52%)  

Donor Data        

 Age (years) 44 14 46 14 0.273  42 13 38 13 0.222 

 Sex (male) 115 (67%) 64 (63%) 0.531  15 (60%) 23 (74%) 0.258 

 Weight (kg) 80 15 81 14 0.481  77 15 82 17 0.325 

 Length (cm) 176 10 178 9 0.147  175 10 177 10 0.453 

 BMI 26 ±3.8 25 ±3.6 0.805  25 ±3.1 26 ±4.1 0.422 

 Inotropic support  62 (36%) 25 (25%) 0.051  11 (44%) 8 (26%) 0.153 

 Cardiac arrest 24 (15%) 17 (17%) 0.646  0 5 (16%) 0.039 

 Duration of IT (min) 166 52 180 50 0.035  254 12 277 42 0.010 

Cause of death   0.414    0.572 

 ICB/Stroke 92 (54%) 59 (58%)   14 (58%) 12 (40%)  

 Head trauma 49 (29%) 24 (23%)   8 (33%) 13 (43%)  

 Other 30 (17%) 19 (19%)   2 (8%) 5 (17%)  

Gender Match   0.463    0.520 

 Male to Male 100 (57%) 60 (58%)   14 (58%) 21 (70%)  
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 Ischemic Time  < 4 h   Ischemic Time  4 h  

 Reperf <1½ h 
(N=173) 
Group A 

Reperf 1½ h 
(N=102) 
Group B 

P  
Reperf <1½ h 

(N=25) 
Group C 

Reperf 1½ h 
(N=31) 

Group D 
P 

 Female to Male 21 (12%) 17 (17%)   5 (21%) 3 (10%)  

 Male to Female 16 (9%) 5 (5%)   0 1 (3%)  

 Female to Female 37 (21%) 21 (20%)   5 (21%) 5 (17%)  

Intra-op Data        

 Reperfusion (min) 64 16 127 39 <0.001  66 13 144 49 <0.001 

 CPB (min) 155 37 222 61 <0.001  175 45 245 61 <0.001 

 Cross-clamp (min) 77 25 79 27 0.612  85 35 84 31 0.970 

 Blood Cardioplegia 138 (80%) 92 (90%) 0.024  20 (80%) 26 (84%) 0.707 

 LG 6 Leukocyte filter 80 (47%) 57 (61%) 0.039  8 (33%) 17 (55%) 0.112 

 BC 2 Leukocyte filter  73 (45%) 67 (70%) 0  5 (21%) 18 (58%) 0.006 

        

Data are presented as Mean ± SD, numbers (%). B cells indicates B lymphocytes; BC2, leukocyte depleting filter in 
blood cardioplegia circuit; CM, cardiomyopathy; Crossclamp, aortic crossclamp; CPB, cardiopulmonary bypass; 
Cytotox, Lymphocytotox test; ECMO, extra corporeal membrane oxygenation; IABP, intraaortic balloon pump; ICB, 
intra cranial bleeding; ischemic time, ischemic time; LG6, leukocyte depleting arterial filter in CPB circuit; Tcells, T 
lymphocytes; PRA, panel reactivated antibodies; PVR, pulmonary vascular resistance; and VAD, ventricular assist 
device. 
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Outcomes 

In all heart transplantations, 98 (29%) patients had one or more ACR ≥ 2R within the 
first year after heart transplantation.  

When the reperfusion was prolonged, patients had significantly less presence of ACR ≥ 
2R, regardless of the ischemic time, compared to the two groups with short reperfusion.  

The group with short ischemia/long reperfusion required more days in the ICU with 
noradrenalin and inotropes compared to the group with short ischemia/short 
reperfusion. The need for CRRT, IABP and VA-ECMO was also increased when the 
ischemia was short accompanied by long reperfusion.  

For the two groups with long ischemia, there were no significant differences in the post-
operative ICU variables, except for increased use of IABP when the reperfusion was 
short, Table 4. 

Table 4. Outcome variables in the groups with short/long ischemia - short/long reperfusion. 

 Ischemic Time < 4 h   Ischemic Time  4 h  

 Reperf <1½ h 
(N=173) 
Group A 

Reperf 1½ h 
(N=102) 
Group B 

P  
Reperf <1½ h 

(N=25) 
Group C 

Reperf 1½ h 
(N=31) 

Group D 
P 

Primary outcome        

ACR ≥ 2R 55 (32%) 20 (20%) 0.028  15 (60%) 8 (2%) 0.010 

Secondary outcomes        

Probability (%) of 
surviving first year 
post-transplant 

94 (88–96) 97 (91–99) 0.223  96 (75–99) 84 (66–93) 0.139 

Conditional probability 
(%) of surviving 10 
year post-transplant* 

82 (74–88) 83 (69–92) 0.610  59 (36–77) 82 (53–94) 0.061 

Other post-op 
outcomes 

       

ICU (days) 5 (3–8) 6 (4–10) 0.058  7 (5–9) 7 (5–13) 0.457 

Ventilator (hours) 28 (18–51) 41 (24–91) 0.268  30 (24–87) 44 (24–83) 0.345 

Noradrenalin (days) 1 (0–3) 2 (1–4) 0.011  1 (0–3) 2 (1–5) 0.592 

Inotropes (days 3 (2–4) 4 (3–5) 0.044  4 (2–6) 5 (3–8) 0.135 

CRRT/Dialysis 14 (8%) 18 (18%) 0.016  6 (25%) 9 (29%) 0.739 

IABP 9 (5%) 22 (22%) <0.001  15 (60%) 8 (26%) 0.010 

VA-ECMO 1 (1%) 9 (9%) <0.001  1 (4%) 5 (16%) 0.145 

*Conditional Survival, providing the probability of surviving 10 years post-transplant, given that the patients already 
survived first year. Data are presented as mean ± SD, numbers (%) or median (interquartile range). ACR indicates 
acute cellular rejection; CRRT, continuous renal replacement therapy; IABP, intraaortic balloon pump; ICU, (thoracic) 
intensive care unit; and VA-ECMO, veno-arterial extra corporeal membrane oxygenation. 
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Multivariable Analysis on the risk for development of ACR ≥ 2R 
The reduced risk for ACR ≥ 2R with prolonged reperfusion was confirmed in a 
multivariate model when including an interaction term between the ischemic time and 
reperfusion time.  

For long ischemia, the odds ratio (OR) for developing ACR ≥ 2R decreased from 3.11 
to 0.25 if reperfusion with CPB was prolonged. The OR decreased to 0.52 with short 
ischemic time and long reperfusion, Table 5. 

Table 5. Logistic regression analysis on the risk for ACR ≥ 2R in relation to ischemia </≥ 4 h and reperfusion </≥ 1½ h. 

 Odds Ratio 95% CI P 

Duration of ischemic time (IT) 

< 4 h (short) 1 (base)   

≥ 4 h (long) 3.11 1.24–7.82 0.016 

Duration of reperfusion (IT < 4 h / short) 

< 1½ h (short) 1 (base)   

 1½ h (long) 0.52 0.27–0.97 0.040 

Duration of reperfusion (IT ≥ 4 h / long) 

< 1½ h (short) 1 (base)   

 1½ h (long) 0.25 0.07–0.83 0.024 

    

ACR indicates acute cellular rejection and CI, confidence interval. Odds Ratio (OR). >1 represent factors that are 
positively associated with ACR whereas OR <1 represent factors that are negatively associated with ACR. OR for 
ACR ≥2R were adjusted for time era, recipients listed as urgent, ventricular assist device, panel reactive antibodies 
>10% positive, recipient age, diagnosis, donor age, donor weight, donor height, donors on inotropic support, gender 
match, blood group compatible. 
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Survival for the Ischemic time / Reperfusion groups 
Long ischemia/short reperfusion had the least favorable long-term survival rate. There 
was increased early mortality in the group with long ischemia/long reperfusion, Figure 
6. However, Figure 7 shows that if the patients survived the first year, survival increased 
for the group with long ischemia/long reperfusion.  

 

Figure 6. Kaplan Meier survival curves in relation to duration of ischemic time (h) and reperfusion time (min). 

 

Figure 7. Kaplan Meier survival curves in relation to duration of ischemic time (h) and reperfusion time. (min). 
Conditional survival, given that the patient survived the first year. 
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Study II. The Heart Box 

Characteristics 

The first 6 patients with transplantations utilizing the new heart box for donor hearts 
were compared to 25 patients transplanted with donor hearts preserved in static cold 
storage.  

Table 6 shows the characteristics of the donors, recipients, and transplantation details. 
The median donor age was higher, 56 years (IQR, 46–68) in the heart box group 
compared to 53 years (IQR, 41–58) in the static cold storage group.  

There was an unfavorable size mismatch in the heart box group. Median BMI, 24 
(IQR, 22–27) for donors was lower compared to BMI 30 (IQR, 29–32) for the 
recipients in the heart box group, resulting in a recipient/donor BMI ratio of 1.2. In 
the static cold storage group, the donor- and recipient median BMIs were closer to 
equal, resulting in a recipient/donor BMI ratio of 0.9.  

In the heart box group, there were 3 patients (50%) on left ventricular assist device 
(LVAD) before transplantation, respectively 12 patients (48%) in the static cold storage 
group.  

The preservation time was longer in the heart box group compared to the static cold 
storage group, 223 min, IQR 202–263 respectively 194 min, IQR 164–223. 
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Table 6. Donor, recipients, and transplantation characteristics. 

 NIHP (n = 6) SCS (n = 25) 

Donor data   

Age (year) 56 (46–68) 53 (41 – 58) 

Female sex 1 (17%) 8 (32%) 

BMI (kg/m2) 24 (22–27) 26 (23–33) 

Cause of death   

Cerebrovascular event 2 (33%) 16 (64%) 

Head trauma 3 (50%) 1 (4%) 

Other 1 (17%) 8 (32%) 

Blood group   

A 4 (66%) 7 (28%) 

AB 0 3 (12%) 

B 1 (17%) 4 (16%) 

O 1 (17%) 11 (44%) 

History of smoking 2 (33%) 7 (37%) 

Hypertension 2 (33%) 9 (39%) 

CMV 6 (100%) 19 (79%) 

Recipient data   

Median age (year) 59 (56–64) 55 (46–63) 

Female sex 0 8 (32%) 

Median duration on waiting list (days) 118 (105–222) 114 (33–340) 

BMI (kg/m2) 30 (29–32) 26 (23–28) 

Diagnosis   

Ischemic cardiomyopathy 2 (33%) 5 (20%) 

Non-ischemic cardiomyopathy  4 (67%) 16 (64%) 

Other 0 4 (16%) 

Blood group   

A 5 (83%) 7 (28%) 

AB 0 4 (16%) 

B 1 (17%) 4 (16%) 

O 0 10 (40%) 

Insulin-treated diabetes 1 (17%) 3 (12%) 

Peripheral vascular disease 1 (17%) 5 (20%) 

History of stroke 1 (20%) 1 (4%) 

CMV 4 (67%) 17 (68%) 

Most recent creatinine (µmol/L) 111 (104–136) 95 (84–129) 

Most recent bilirubin (µmol/L) 11 (4.0–14) 12 (7.0–23) 

PVR (Wood units) 2.4 (1.7–2.8) 2.0 (1.7–2.2) 

PRA level   

0 – 10% 3 (50%) 9 (36%) 

11 – 80% 2 (33%) 10 (40%) 

> 80% 1 (17%) 6 (24%) 

LVAD 3 (50%) 12 (48%) 

Transplantation details   

Volume cardioplegia (L) 1.2 (1.1–1.3) 1.9 (1.8–2.0) 

Total preservation time (min) 223 (202–263) 194 (164–223) 

Recipient/Donor BMI ratio 1.2 (1.1–1.4) 0.9 (0.7–1.1) 

Female donor to male recipient 1 (17%) 1 (4%) 

Data are presented as median with interquartile range and numbers (%). BMI indicates body mass index; CMV, 
cytomegalo virus; LVAD, left ventricular assist device; NIHP, non-ischemic heart preservation; PRA, panel reactive 
antibodies; PVR, pulmonary vascular resistance and SCS, static cold storage. 
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Outcomes 

Primary and Secondary Outcomes  
All patients in the heart box group met the criteria for the primary outcomes compared 
to 18 patients (72%) in the static cold storage group. All patients in both groups 
survived the first 30 days after heart transplantation, however, 4 (16%) died within 180 
days and 3 (12%) cardiac related serious adverse events occurred in the static cold 
storage group, Table 7, and Figure 10. Patients in the heart box group had superior or 
similar secondary outcome data except for the renal function with an increased need 
for CRRT post-operative. 

Table 7. Patient outcomes 

Primary outcomes NIHP (n = 6) SCS (n = 25) RR/ES (95% CI) 

Survival free of event within 180 days 6 (100%) 18 (72%) 1.4 (1.1–1.8) 

First event that resulted in failure to reach the primary endpoint  

PGD within 24 h 0 2 (8%) - 

ECMO within 7 days 0 1 (4%) - 

ACR ≥ 2R within 180 days 0 3 (12%) - 

Death within 180 days 0 1 (4%) - 

Secondary outcomes NIHP (n = 6) SCS (n = 25) RR/ES (95% CI) 

Immediate graft function    

Reperfusion time (min) 91 (83–95) 89 (77–107) 0.14 (-0.75–1.03) 

Inotropic score at 6 h post-HT 21 (9–24) 30 (20–54) -0.55 (-1.5 to 0.40) 

LVEF <40% within 24 h  0 2 (9%) - 

RVEF <40% within 24 h 1 (17%) 6 (27%) 0.61 (0.09–4.1)# 

I/R-tissue injury    

cTnI > 0.02 ng/mL at end of preservation  1 (20%) 15 (100%) 0.20 (0.035–1.2)# 

CK-MB > 4.3 ng/mL at end of preservation  0 6 (33%) - 

CK-MB 6 ±2 h after end of preservation (ng/mL) 76 (54–101) 138 (72–198) -1.18 (-2.2 to 0.10) 

CK-MB 12 ±4 h after end of preservation (ng/mL) 38 (30–67) 53 (41– 77) -0.84 (-1.8 to 0.16) 

CK-MB 24 ±6 h after end of preservation (ng/mL) 16 (10–24) 15 (12–38) -0.41 (-1,3 to 0.51) 

Renal function    

Minimum creatinine clearance within 7 days  33 (31–40) 44 (34–59) -0.83 (-1.8 to 0.18) 

CRRT within 7 days  3 (50%) 4 (16%) 3.1 (0.94–10) # 

Liver function    

ASAT within 48 h (μkat/L) 1.6 (1.4–2.1) 2.6 (2.2–3.6) -1.3 (-2.3 to -0.19) 

ALAT within 48 h (μkat/L) 0.4 (0.3–0.5) 0.6 (0.4–0.8) -1.0 (-2.0 to -0.067) 

Time on ventilator (h) 32 (22–54) 39 (22–52) -0.19 (-1.1 to 0.71) 

ACR ≥ 1R within 180 days 2 (33%) 15 (63%) 0.56 (0.17 – 1.8) # 

Duration of ICU stays (days) 7.0 (5.4–17) 6.0 (5.1–11) 0.062 (-0.81 to 0.95) 

Data are presented as numbers (%) and median with interquartile range. ACR indicates acute cellular rejection; ALAT 
alanine transaminase; ASAT, aspartate aminotransferase; CI, confidence interval; CK-MB, creatinine kinase-
muscle/brain; CRRT, continuous renal replacement therapy; cTnI, cardiac troponin I ECMO, extracorporeal 
membrane oxygenation; ES, effect size; ICU, intensive care unit; I/R, ischemia and reperfusion; LVEF, left ventricular 
ejection fraction; NIHP, nonischemic heart preservation; PGD, primary graft dysfunction; RR, relative risk; RVEF, right 
ventricular ejection fraction, and SCS, static cold storage. 
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Specific Data from the Heart Box and Post-operative Outcomes  

The median time from donor cross-clamp to start of the heart box was 24 min (QR, 20–28). 
The heart was perfused continuously for 140 min (IQR, 109–162), with a pressure of 20 mmHg 
resulting in median coronary blood flow of 178 ml/min (IQR, 160–221). The lactate levels 
were normal before and after preservation. The 4th patient had increased concentrations of cTnI 
(0.08 ng/mL) before and after preservation (0.49 ng/mL) with a high inotropic score, decreased 
cardiac index (CI), and extended time on the ventilator, Table 8.  

Table 8. Preservation and post-preservation data from the 6 patients in the NIHP group. 

 
Flow 

(ml/min) 

Pres- 
time 
(min) 

Lactate 
before 

Lactate 
after 

cTnI 
before 

cTnI 
after 

Reperf 
(min) 

RVEF 
0-24h 
(%) 

CI 
24h 

Inotr 
score 

Ventil 
(hours) 

1 313 202 . . . . 94 40-50 2.88 3 54 

2 188 263 1.5 1.4 <0.02 <0.02 80 40-50 3.53 61 36 

3 167 269 1.0 1.0 <0.02 <0.02 95 40-50 3.2 3 22 

4 160 219 1.5 1.6 0.08 0.49 119 30-40 2.25 117 181 

5 221 172 1.2 1.5 <0.02 <0.02 83 >50 4.32 29 12 

6 149 227 1.5 1.3 <0.02 <0.02 88 >50 3.27 40 28 

CI indicates cardiac index (cardiac output/body surface area); cTnI, cardiac troponin I (ng/mL); intr score, inotropic 
score= dopamine (1) + dobutamine (1) + amnirone (1) + milnirone (15) + adrenaline (100) + noradrenaline 
(100) with each dose in g/kg/min, lactate before/after preservation (mmol/L);  pres-time, preservation time; reperf, 
reperfusion with cardiopulmonary bypass; RVEF, right ventricular ejection fraction; ventil, time on ventilator post-op. 

Serious Adverse Events 
All adverse events were predefined and are listed in Table 9.  

Table 9.  

Serious Adverse Events. NIHP (n = 6) SCS (n = 25) RR 

Acute cardiac failure 0 3 (12%) - 

Acute bleeding (BARC type IV)*  0 6 (24%) - 

Respiratory failure 2 (33%) 8 (32%) 1.04 (0.29–3.7) 

Acute kidney failure (KDIGO)* 5 (83%) 17 (68%) 1.23 (0.78–1.9) 

Acute liver failure 0 0 - 

Permanent stroke 0 0 - 

Permanent pacemaker 0 4 (16%) - 

Acute cardiac failure, need for an intra-aortic balloon pump and/or mechanical circulatory support within 7 days post-
HT; Acute bleeding:Bleeding Academic Research Consortium BARC type IV criteria (>2000 mL/24 hours and/or 
requiring re-operation for bleeding, and/or intracranial bleeding, and/or transfusion of >5 red blood cell units/48 h); 
Respiratory failure, impairment of respiratory function requiring re-intubation, requiring tracheostomy, inability to 
discontinue ventilator support within 48 h after CPB due to respiratory issues and not to sedation issues; Acute kidney 
failure, Kidney Disease Improving Global Outcomes (KDIGO) criteria, increase in serum creatinine of >27 μmol/L 
within 48 h or 1.5 times baseline within 7 days; Acute liver,rapid development of hepatocellular dysfunction, 
coagulopathy and mental status changes (encephalopathy) in patient without prior known liver disease; Permanent 
stroke, episode of CT-verified acute neurological dysfunction by ischemia or hemorrhage that persisted ≥24 h or until 
death; Permanent pacemaker,need for a permanent pacemaker implantation 2 weeks after HT. 
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Ischemia / Reperfusion Injury 
As shown in Table 7, there were signs of less ischemia/reperfusion injury by decreased 
CK-MB values for the heart box group. Figure 8 presents supplementary data with 
boxplots of CK-MB during the first 24 h post-preservation. 

 

Figure 8. Data are represented as boxplots with the middle line being the median, the lower and upper hinges 
correspond to the first and third quartiles, the upper whisker extends from the hinge to the largest value no further 
than 1.5 × IQR from the hinge (where IQR is the inter-quartile range) and the lower whisker extends from the hinge to 
the smallest value at most 1.5 × IQR of the hinge, while data beyond the end of the whiskers are outlying points that 
are plotted individually. 

The Primary Endpoint / Event Free Survival 
As shown in Table 7, all heart box patients had event free survival for six months, Figure 9. 

 

Figure 9. Kaplan Meier estimates of the probability of event free survival (primary endpoint). Events were defined as 
primary graft dysfunction (PGD) within 24 h, extracorporeal membrane oxygenation (ECMO) use within 7 days, acute 
cellular rejection (ACR) ≥ 2R within 180 days. 
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Study III. Biomarkers / Primary Graft Dysfunction 

Characteristics 

A total of 63 patients were enrolled in the study. The median duration of follow-up 
was 2.7 years. There were 13 patients (21%) who died before the last follow-up. One 
patient died the first day post-op due to primary graft dysfunction with multiorgan 
failure. This patient was on urgent call, treated in the ICU before the transplantation 
with IABP, VA-ECMO, and was on ventilator. There was also an unfavorable weight 
mismatch of 30%. All other patients survived the first month. 

The median recipient age was 51 years (IQR, 39–58) and the donor age was 43 years 
(IQR, 29–56) for the total cohort. There were 28 recipients (44%) with left ventricular 
assist device (LVAD) before heart transplantation, and the median ischemic time was 
201 min (IQR, 168–222).  

Severe graft dysfunction was diagnosed in 8 patients after heart transplantation that was 
managed with VA-ECMO. These patients had increased levels, although not 
significantly, of CK-MB in the coronary sinus effluent, 10.6 ng/mL (IQR, 6.5–27.7) 
compared to the patients who did not develop severe graft dysfunction, 6.3 ng/mL 
(IQR, 3.1–9.8), p= 0.055. For cTnI, the difference was less significant between patients 
who developed severe graft dysfunction; 2.4 ng/mL (IQR, 1.0–5.5) vs 0.9 ng/mL (IQR, 
0.6–4.0) for those who did not develop severe graft dysfunction, p= 0.247. 

There were significantly more patients with LVADs in both biomarker groups with 
increased values: high CK-MB group: 13 patients (93%) vs 15 patients (31%) in the 
low CK-MB group, p= <0.001. Similarly for the high cTnI group: 13 patients (93%) 
vs 14 patients (29%) in the low cTnI group, p= <0.001.  

The donors were older in the group with high CK-MB, 54 years (IQR, 40–62) 
compared to 41 years (IQR, 28–52) in the low CK-MB group, p= 0.041.  

The median duration of ischemic time was longer in the low CK-MB group, 203 min 
(180–224) compared to the high CK-MB group, 183 min (148–194), p= 0.029. On 
the contrary, the median duration on cardiopulmonary bypass was shorter in the low 
CK-MB group, 178 min (158–217) vs 206 min (188–223), p= 0.046. These 
differences were similar for cTnI, although not significant. 
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Outcomes 

There were more patients with severe graft dysfunction in the group with increased 
concentrations of CK-MB, although not significant, p= 0.065.  

Increased concentrations of both biomarkers correlated with significant increased CK-
MB post-operatively, and with increased ASAT concentrations. The inotropic score 
was higher and the need for CRRT was increased in the groups with high 
concentrations in both biomarkers, although it was not significant, Table 10. 
Table 10 a. Patient outcomes in groups with coronary sinus CK-MB</≥ 11 ng/ml. 

  
CK-MB < 11 ng/ml 

N=49 
CK-MB ≥ 11 ng/ml 

N=14 
P value 

 

Primary Outcome     

Severe graft dysfunction 63 4 (8%) 4 (29%) 0.065 

Secondary Outcomes     

P-CK-MB 4 ±2 h after ending preservation 
(ng/mL) 

59 88 (67–113) 145 (127–196) 0.001 

P-CK-MB 24 ±6 h after ending 
preservation (ng/mL) 

59 48 (38–61) 79 (37–109) 0.063 

IABP 63 4 (8%) 3 (22%) 0.177 

ICU(h) 61 126 (92–223) 208 (102–573) 0.147 

Ventilator > 48 h  63 14 (29%) 6 (43%) 0.342 

CRRT within 7 days  63 9 (18%) 6 (43%) 0.078 

Peak P-creatinine within 48 h (μmol/L)  63 172 (103–235) 184 (133–227) 0.394 

Peak P-ASAT within 48 h (𝜇𝑘𝑎𝑡/𝐿   63 2.2 (1.8–3.1) 3.4 (2.4–4.4) 0.016 

Peak P-ALAT within 48 h (𝜇𝑘𝑎𝑡/𝐿   63 0.52 (0.42–0.62) 0.66 (0.45–0.82) 0.363 

Inotropic score 2 h post-op 56 22 (8–39) 31(12–54) 0.328 

Inotropic score 24 h post-op 56 18 (5–36) 38 (13–46) 0.062 

Table 10 b. Patient outcomes in groups with coronary sinus cTnI </≥ 5 ng/ml. 

  
cTnI < 5 ng/ml 

N=48 
cTnI ≥ 5 ng/ml 

N=14 
P value 

 

Primary Outcome     

Severe graft dysfunction 62 5 (10%) 2 (14%) 0.651 

Secondary Outcomes     

P-CK-MB 4 ± 2 h after ending 
preservation (ng/mL) 

58 88 (68–109) 148 (127–219) 0.002 

P-CK-MB 24 ± 6 h after ending 
preservation (ng/mL) 

58 47 (38–60) 82 (37–132) 0.015 

IABP 62 4 (8%) 2 (14%) 0.610 

ICU (h) 60 124 (92–223) 208 (143–289) 0.106 

Ventilator > 48 h  62 15 (31%) 4 (29%) 1.0 

CRRT within 7 days  62 10 (21%) 4 (29%) 0.717 

Peak P-creatinine within 48 h (μmol/L)  62 159 (102–222) 206 (134–286) 0.099 

Peak P-ASAT within 48 h (𝜇𝑘𝑎𝑡/𝐿   62 2.2 (1.8–3.0) 3.4 (2.5–4.5) 0.002 

Peak P-ALAT within 48 h (𝜇𝑘𝑎𝑡/𝐿   62 0.52 (0.41–0.61) 0.66 (0.45–0.83) 0.136 

Inotropic score 2 h post-op 56 22 (8–40) 36 (14–54) 0.207 

Inotropic score 24 h post-op 56 18 (5–37) 37 (15–44) 0.107 

Data are presented as median (Interquartile range) or numbers (%). P values are calculated using Mann Whitney test 
or Fischer’s exact test. ALAT alanine transaminase, ASAT aspartate aminotransferase, CRRT continuous renal 
replacement therapy, CK-MB creatine kinase-muscle/brain, cTnI cardiac tropinin I, IABP intra-aortic balloon pump, 
ICU intensive care unit, P plasma. 
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Multivariable Analysis on the risk for Severe Graft Dysfunction 
High CK-MB had an unadjusted OR of 4.5 (95% CI 0.96–21.11), p= 0.057, and 
when we adjusted for donor age, ischemic time and donor weight, the OR became 7.4 
(95% CI 1.13–48.46), p= 0.037 for severe graft dysfunction. It was a similar trend for 
cTnI, but not significant, Table 11. 

Table 11. 

 OR (unajusted) 95% CI P value  OR (adjusted) 95% CI P value 

CK-MB < 11 ng/mL 1 (base)       

CK-MB ≥ 11 ng/mL 4.5 0.96–21.11 0.057  7.4 1.13–48.46 0.037 

cTnI < 5 ng/mL 1 (base)       

cTnI ≥ 5 ng/mL 1.4 0.24–8.33 0.689  3.2 0.39–25.3 0.277 

OR, Odds Ratio >1 represent factors that are positively associated with severe graft dysfunction whereas OR <1 
represent factors that are negatively associated with severe graft dysfunction. OR to the right are adjusted for donor 
age, ischemic time (IT) and donor weight. 

The Diagnostic Capability for the Biomarkers on Severe Graft Dysfunction 
Figure 10 shows the area under the ROC (receiver operating characteristics) curves. to 
evaluate the diagnostic capability for CK-MB and cTnI on severe graft dysfunction.  

CK-MB had an area under the ROC curve of 0.84 (CI 0.71–0.97). The upper IQR (≥ 
11 ng/mL) had a sensitivity of 50% and a specificity of 80%. The total correct 
classification of severe graft dysfunction was 76%.  

For cTnI the area under the ROC curve was 0.78 (CI 0.63–0.94). The upper IQR  
(≥ 5 ng/mL) had a sensitivity of 29% and specificity of 77%. The total correct 
classification of severe graft dysfunction was 73%. 

 

Figure 10. The area under the ROC curve illustrates the ability of CK-MB and cTnI to discriminate patients with or 
without severe graft dysfunction. 1.0 is a perfect test and ≤0.5 a useless test. Adjusted for donor age, ischemic time 
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and donor weight. CK-MB creatine kinase-muscle/brain, cTnI cardiac tropinin I, ROC reciever operating 
characteristics. 

Survival Outcomes 
There were decreased survival for patients when CK-MB and cTnI concentrations were 
above the upper IQR, but it was not significant, Figure 11. For the total cohort, the 
survival was significantly decreased for patients who developed severe graft dysfunction, 
regardless of the biomarker, Figure 12. 

 

 

Figure 11. Kaplan Meier estimated survival curves for patients with coronary sinus CK-MB concentrations </≥ 11 
ng/mL and cTnI concentrations </≥ 5 ng/mL. 

 

 

Figure 12. Kaplan Meier estimated survival curves for patients with and without severe graft dysfunction. 

  

Log-rank: 0.203 Log-rank: 0.539 

Log-rank: <0.001 
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Study IV. Donor Age / Ischemic Time 

Characteristics 

This study included 84,440 heart transplantation patients during a 30-year era between 
1988 and 2018. The mean recipient age was 52  12 years for the total cohort and 22% 
of the recipients were female. For the donors, the mean age was 33  12 years and 31% 
were female and the median ischemic time was 3 h (IQR, 2.3–3.8). The overall median 
survival time was 5.7 years (IQR, 1.6–11).  

Older donors were transplanted into older recipients, (57  10 years – 59  9 years). 
For young donors mean recipient age was 50  12 years in all groups.  

The frequency of female donors to male recipients was higher in donors above 40 years 
compared to below 40 years, (24–34% vs 13–16%).  

There were more recipients with panel reactive antibodies (PRA) ≥ 10% in all the donor 
age groups with ischemic time of ≥ 4 h, 16–20% vs 9–14% when the ischemic time 
was < 4 h. 

Recipients who were transplanted with hearts from older donors ≥ 60 years had less 
support with ventricular assist devices (VADs) before their transplantation, 3–6% 
compared to 10–17% in the other groups. The complete table of the characteristics of 
the recipient, donor, and transplantation details for the 12 groups can be studied in 
paper IV. 

Figure 13 shows the median and IQR for the ischemic time, recipient -and donor age 
in the different time periods. The median ischemic time has increased from 147 min 
in the 1980s to 189 min in the 2000s, after that it has been constant for the last 20 
years. Similar trends were seen for the recipient age with an increase from 51 years in 
the 1980s to 55 years today. The donor age has increased from 26 years in the 1980s 
to 33 years today but has been constant the last 20 years. 
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Changes over Time in Donor- and Recipient Age and Ischemic Time 

 

 

Figure 14. Boxplots of donor age, recipient age and ischemic time over the last decades. The middle line is the 
median, the lower and upper hinges correspond to the first and third quartiles, the upper whisker extends from the 
hinge to the largest value no further than 1.5 × IQR from the hinge (where IQR is the inter-quartile range) and the 
lower whisker extends from the hinge to the smallest value at most 1.5 × IQR of the hinge, while data beyond the end 
of the whiskers are outlying points that are plotted individually. 
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Outcomes 

Multivariable Analysis on Short-term Mortality 
The logistic regression showed increased OR in all donor age groups when the ischemic 
time was ≥ 4 h. In the group with 40–60 years the OR was increased already after 3 h. 
The old donor group had increased OR for any ischemic time, Table 12. 

Table 12. Logistic regression on the risk for death within 30 days after heart transplantation. 

Donor age / IT 
 Non adjusted  Adjusted 

 OR 95% CI p  OR 95% CI p 

< 40 years         

< 2 h   1 (base)    1 (base)   

2–3 h  0.98 0.87–1.09 0.661  0.95 0.84–1.07 0.432 

3–4 h  1.13 1.02–1.27 0.026  1.14 1.02–1.28 0.027 

> 4 h  1.60 1.43–1.79 <0.001  1.51 1.33–1.71 <0.001 

40–59 years         

< 2 h   1 (base)    1 (base)   

2–3 h  1.08 0.92–1.26 0.349  1.07 0.91–1.27 0.399 

3–4 h  1.32 1.14–1.54 <0.001  1.27 1.08–1.49 0.003 

> 4 h  1.83 1.58–2.13 <0.001  1.75 1.49–2.06 <0.001 

≥ 60 years         

< 2 h   1 (base)    1 (base)   

2–3 h  2.97 2.07–4.26 <0.001  1.91 1.28–2.84 0.001 

3–4 h  2.34 1.70–3.22 <0.001  1.58 1.11–2.24 0.011 

> 4 h  3.95 2.93–5.33 <0.001  2.46 1.76–3.43 <0.001 

CI, Confidence interval; OR, Odds Ratio; HT, heart transplantation; IT, ischemic time. Table to the right adjusted for 
recipient factors: sex, weight, height, body mass index, predicted heart mass weight, diagnosis, history of 
hypertension, diabetes, pulmonary vascular resistance, panel reactive antibodies ≥10%, cytomegalovirus status, 
ventricular assist device pre HT, extracorporeal membrane circulation pre HT, most recent creatinine -and bilirubin 
concentration, intensive care pre HT; and following donor factors: sex, weight, height, body mass index, predicted 
heart mass weight, cytomegalovirus status. Gender match and heart mass mismatch were also included in the 
adjusted model. 
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Multivariable Analysis on Long-term Mortality 
Cox regression for long-term mortality showed increased HR with old donors ≥ 60 
years when ischemic time were ≥ 4 h. For the group receiving hearts from 40–60-year-
old donors, there was a slightly increased risk when ischemic time was ≥ 4 h. Recipients 
transplanted with hearts from young donors < 40 years showed no increased risk for 
death when the ischemic time was prolonged, Table 13. 

Table 13. Cox regression on time to event/death after heart transplantation.  

Donor age /IT 
 Non adjusted  Adjusted 

 HR 95% CI p  HR 95% CI p 

< 40 years         

< 2 h   1 (base)    1 (base)   

2–3 h  0.96 0.93–0.99 0.020  0.95 0.92–0.98 0.004 

3–4 h  0.96 0.93–1.00 0.033  0.94 0.91–0.98 0.002 

> 4 h  1.00 0.96–1.04 0.876  0.98 0.94–1.02 0.415 

40–59 years         

< 2 h   1 (base)    1 (base)   

2–3 h  1.00 0.95–1.06 0.974  1.00 0.95–1.06 0.972 

3–4 h  1.00 0.95–1.05 0.983  0.99 0.94–1.05 0.740 

> 4 h  1.09 1.03–1.16 0.003  1.08 1.02–1.15 0.010 

≥ 60 years         

< 2 h   1 (base)    1 (base)   

2–3 h  1.11 0.84–1.46 0.459  1.10 0.83–1.45 0.505 

3–4 h  1.06 0.82–1.38 0.632  1.05 0.81–1.37 0.721 

> 4 h  1.69 1.30–2.21 <0.001  1.66 1.27–2.17 <0.001 

CI, Confidence interval; HR, Hazard ratio; HT, heart transplantation; IT, ischemic time. Table to the right adjusted for 
recipient factors: sex, weight, height, body mass index, predicted left-and right heart mass weight, diagnosis, history 
of hypertension, diabetes, pulmonary vascular resistance, panel reactive antibodies ≥10%, cytomegalovirus status, 
ventricular assist device pre HT, extracorporeal membrane circulation pre HT, most recent creatinine -and bilirubin 
concentration, intensive care pre HT; following donor factors: sex, weight, height, body mass index, predicted left-and 
right heart mass weight, cytomegalovirus status. Gender match and heart mass mismatch were also included in the 
adjusted model. 
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Survival Curves for different Donor Ages and Ischemic Times 
Recipients transplanted with hearts originating from old donors ≥ 60 years had inferior 
long-term survival when ischemic time was ≥ 4 h, however survival rate became 
acceptable with shorter ischemic time. This is shown at the bottom in Figure 14. 

 

 

 

Figure 14. The survival at different ischemic times, and different donor age groups: < 40 y, 40-59 y, and ≥ 60 y. 
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Discussion 

The perfect match for each recipient is seldom possible, and compromises often need 
to be done in the donor selection. Hearts that previously were considered as too 
vulnerable or marginal to endure ischemia are today increasingly being used for 
transplantation with acceptable results (13, 14, 96). Nevertheless, it may be possible to 
expand the donor pool even more. This sets high demands for the care of the donor 
heart.  

This thesis aimed to increase the knowledge on how the ischemia, preservation, and 
reperfusion affect the donor heart and recipient in the short- and long-term perspective. 
In studies I, III and IV, all donor hearts were preserved with static cold storage. Study 
II compared the new machine perfusion technology - The heart box / Non-Ischemic 
Heart Preservation (NIHP) with static cold storage. 

Ischemic Time / Reperfusion Time 

Acute Cellular Rejection 
Ischemic time beyond 4 hours increased the risk of moderate/severe ACR during the 
first year after heart transplantation. However, the risk decreased with prolonged 
reperfusion for at least 1 ½ h. This has to our knowledge not been published previously 
in the literature. Moreover, prolonged reperfusion reduced the risk for moderate/severe 
ACR even for patients with shorter ischemic time.  

Survival 
The combination of ischemia and reperfusion also affected the survival. Long ischemia 
with short reperfusion resulted in a decreased probability of surviving 10 years. In a 
recent published article, the survival was decreased with ischemic time ≥ 5 hours, 
although there was no difference in the incidence of ACR (97). Yeen et al stated that 
there is a risk by extending the ischemic time beyond 4 hours, although with careful 
selection of donor and recipient, it is possible to increase the ischemic time to 5 hours 
(97).  
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In study I, the group with ischemic time ≥ 4 hours and long reperfusion ≥ 1 ½ hour 
had increased short-term mortality. However, provided that the patients survived the 
first year, long ischemia/long reperfusion had increased long-term survival compared 
to the long ischemia/short reperfusion group. This suggests that if the patient survives 
the first year, it is more beneficial with long reperfusion since it may prevent 
development of moderate/severe ACR, which is associated with cardiac allograft 
vasculopathy (78). The increased early mortality in the group long ischemia/long 
reperfusion is most likely associated with the prolonged ischemia, which is a risk factor 
for primary graft dysfunction and early mortality (56, 98). Moreover, the prolonged 
ischemic time may partly be explained by the increased mean duration of the cross-
clamp time, which both groups with prolonged ischemia had, compared to the groups 
with shorter ischemia. It could indicate possible surgical difficulties during the 
transplantation for the groups with increased cross-clamp time and ischemic time. 
Increased cross-clamp time has been associated with primary graft dysfunction with 
older donor age as an aggravating factor, and reduced survival (72, 99, 100).  

Cardiopulmonary bypass 
To my knowledge, reperfusion time before weaning from cardiopulmonary bypass, has 
not been studied in heart transplantation. Cardiopulmonary bypass in itself is 
associated with negative outcomes, especially vasoplegia caused by the systemic 
inflammatory response to the foreign surfaces (101-103). The duration of 
cardiopulmonary bypass increases consequently due to prolonged reperfusion. 
Extended cardiopulmonary is an independent risk factor for post-operative morbidity 
and mortality (71, 104). For obvious reasons, prolonged cardiopulmonary bypass is 
associated with complex surgery and the patient’s critical conditions, which of course 
includes heart transplantations. The groups with prolonged reperfusion in study I had 
significantly longer mean duration of cardiopulmonary bypass, 222/245 min vs 
155/175 min when the reperfusion was short. As discussed in the section above, there 
was reduced short-term survival rate in the group with long ischemia/long reperfusion 
(mean CPB time: 245 min). However, since the group short ischemia/long reperfusion 
(mean CPB time: 222 min) had excellent short-term survival, the reduced survival in 
the long ischemia/long reperfusion group is more likely associated to the prolonged 
ischemia. Thus, the results from study I does not support that prolonged 
cardiopulmonary bypass leads to decreased long-term survival in heart transplantation.  

Ischemic Time Cut-Off 
There are previous studies that shows increased risk for mortality from 3 hours and 
more of ischemic time, with the greatest impact on one-year mortality (105, 106).  
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In study I, the ischemic cut-off time was 4 hours. However, there were significant 
differences in the ischemic time between the 2 groups with short ischemic time. When 
the reperfusion was long, the mean ischemic time was 3 hours, compared to 
approximately 2 ½ hours when the reperfusion was shorter. It indicates that the 
ischemic time may have had a negative effect on the heart function already at 3 hours, 
if we assume that the hemodynamic situation for these patients required extra 
reperfusion.  

However, there were no significant mortality risk at 3 hours when analyzing long-term 
survival in study IV. In the cox regression for long-term mortality, only the 
conventional cut-off of 4 hours became significant, and it was for the patients who 
received hearts from donors 40 years and older. Nevertheless, the risk for short-term 
mortality (30 days), was significantly increased at 3 hours and more of ischemia.  

Altogether, the results indicates that an ischemic time for 3 hours or more is associated 
with inferior outcomes. 

Reperfusion Strategies 
Repeated infusions of cold blood cardioplegia during the implantation for keeping the 
oxygen demand on a low level could attenuate the following ischemia/reperfusion 
injury (100), and it should preferably be leukocyte filtrated (61-63).  

After the release of the cross clamp, it is a critical phase for the heart. The 
ischemia/reperfusion injury increases, and our results indicate that it is probably of 
importance not to ween off bypass as soon as possible. To let the just recently 
transplanted heart pump in an unloaded state on full bypass for 1 ½ hour could 
improve the recipient’s long-term survival.  

There are centers with internal protocols, for example 15–20 minutes reperfusion for 
each ischemic hour. I have not found any studies in the literature to support this. 
Nevertheless, it may be beneficial for the patient outcome to set a lower limit of 
reperfusion time, based on the duration of the ischemia. In the report on PGD from 
ISHLT, Cleveland Clinic states that reperfusion should last at least 30 minutes before 
weaning from CPB. If unable to wean, continue reperfusion for up to a total of 120 
min. Johns Hopkins University does not state a minimal reperfusion time, however, 
describes that if persistent biventricular or left ventricular dysfunction, continue 
reperfusion for at least 30–60 min (46). 

If the ischemic time has been minimized by utilizing the heart box it might be possible 
that extended reperfusion with cardiopulmonary bypass becomes less important, 
although more studies are required to confirm this. 
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Veno-arterial ECMO 
Based on our results in study I, we suggest that VA-ECMO may be used more liberally 
when the patient’s hemodynamic situation is compromised, and there are difficulties 
with weaning from CPB, despite extended reperfusion. For hearts that may have 
suffered from inadequate preservation and/or extended ischemic time, requiring high 
doses of inotropes and vasopressors, it is probably beneficial to let the heart rest on VA-
ECMO. There is certainly a higher mortality risk in the short-term for these patients. 
However, in severe cases, the patient without a doubt dies without mechanical support. 
In study I, nearly half of the patients on post-operative VA-ECMO died within 2 
months. Still, if the ECMO run is uneventful, it is lifesaving (107, 108), and the long-
term result can improve for this group.  

Biomarkers after the Heart Box and Static Cold Storage 

CK-MB and cTnI 
The results from study II with the new preservation technology NIHP / the heart box 
showed that it was safe to use in heart transplantation. Compared to static cold storage, 
there were also signs of reduced ischemia/reperfusion injury by lower levels of cardiac 
injury biomarkers (CK-MB and cTnI) after the heart box. This could indicate that the 
heart box reduces the myocardial damage which have been shown in preclinical studies 
(85-87).  

The correlation between CK-MB or cTnI for myocardial injury in cardiac surgery is 
questionable (109). Sellgren et al found that the absence of increased levels of CK-MB 
could exclude permanent myocardial injury, but high levels could not be used to 
diagnose a permanent injury (110). The ROC analysis in study III showed similar 
results, the upper IQR of CK-MB had a sensitivity of 50%, and a specificity of 80% 
for severe graft dysfunction. However, the analyze with adjusted multivariate logistic 
regression, showed that the risk for severe graft dysfunction was significantly increased 
if the concentration of CK-MB was elevated. For cTnI, the risk was increased for severe 
graft dysfunction, although not significant.  

Our results could support why CK-MB and cTnI are used in cardiothoracic surgery, 
including heart transplantations. Moreover, Schecter et al found that increased 
concentration of cTnI in the preservation solution after static cold storage was 
associated with primary graft dysfunction. This indicates that hearts stored in solution 
with increased cTnI had suffered from insufficient preservation (111).  

In study III, the predictability of elevated CK-MB seemed to be slightly more reliable 
than elevated cTnI for severe graft dysfunction. An explanation might be that the 
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release kinetics differ for these two biomarkers. CK-MB is released more quickly when 
the mitochondria are damaged but also drops back faster after a myocardial damage 
while cTnI is released more gradually as sarcomeres degrade (112). This may indicate 
that elevated CK-MB is more specific to ischemic injury in the early phase.  

Point-of-Care Method 
A quick response by analyzing cardiac biomarkers with a point-of-care method could 
be useful after preservation to immediately assess the donor heart. This type of method 
was used in studies II and III. The disadvantage by using a point-of-care method is that 
it may not be as accurate compared to a test sample analyzed in an accredited laboratory. 
However, with a biomarker result after 15 min, there is a possibility to immediately 
assess if the preservation has been sufficient or if the heart is at higher risk for primary 
graft dysfunction. Accordingly, an early biomarker result can alert and act as a tool for 
guidance in the following treatment during the reperfusion phase and post-operatively.  

Lactate 
In the PROCEED trial, investigating the normothermic ex-vivo preservation, Organ 
Care System, 4 hearts were discarded because of rising lactate levels during the 
preservation. In the pre-specified protocol, the venous lactate should be lower than the 
arterial lactate concentration, and the upper lactate limit was 5 mmol/L (88). 
Nevertheless, increased lactate concentration is a sign of insufficient oxygen supply 
(113). One explanation could be that it is probably more complicated to meet the 
demand of a fully metabolic active heart compared to a cardioplegic cold heart.  

In study II, the heart box group had normal lactate levels between 1.0 and 1.6 mmol/L 
measured in the box after preservation. However, one of these hearts had increased 
cTnI in the box after preservation which resulted in post-operative lower cardiac index, 
higher inotropic score, and prolonged time on ventilator. Despite this, the patient 
recovered and met the criteria for the primary endpoint. 

The Heart Box / Non-Ischemic Heart Preservation 

ACR and Immune Response 
None of the 6 heart box patients had any ACR ≥ 2R during the first six months 
compared to 3 patients (12%) in the control group. There are too few patients to draw 
any conclusion, however, it could indicate a reduced innate immune response in the 
heart box group due to improved preservation. Despite that the heart box probably 
preserves the heart better, the NIHP system can moreover deplete leukocytes and 
thereby contribute to reducing the immunogenicity in the donor heart which has been 
shown in a preclinical study on pigs (114).  
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Renal Function 
The heart box group had overall improved outcomes compared to the static cold storage 
group except for the renal function. The difference was not large, and the renal function 
was reduced in both groups. Acute decline of the kidney function develops in almost 
all recipients after a heart transplantation (115). In study II, half of the patients in the 
heart box group needed CRRT post-operatively and 5 out of 6 patients (83%) fulfilled 
the prespecified criteria for kidney failure. In the static cold storage group 6 patients 
(24%) were treated with CRRT, and 17 patients (68%) fulfilled the kidney failure 
criteria. However, none of the patients required dialysis at follow-up, and in the 
ongoing randomized study we cannot identify difference regarding kidney failure 
anymore.  

The number of patients were as we have discussed above too few and we can only 
speculate why there was a difference in the kidney function in study II. The recipients 
and donors were older in the heart box group, and the recipients had higher 
concentrations of creatinine before the heart transplantation compared to the static cold 
storage group. The donor hearts were further undersized to the recipients in the heart 
box group, which is associated with inferior outcomes (13, 116). 

A recent meta-analysis showed that the incidence of acute kidney injury (AKI) after 
heart transplantation was 47% and severe AKI requiring CRRT was 12% (117). 
Kolsrud et al showed that patients with ventricular assist devices and reduced 
glomerular filtration pre-heart transplantation had higher risk for requiring CRRT 
post-operatively. However, acute renal failure post-op was not a predictor for end stage 
renal disease (118). In a recent single center study, the AKI rate was as high as 87% 
within the first week after transplantation. They also showed association between 
mechanical circulatory support and AKI, however, VA-ECMO was included in the 
term mechanical circulatory support (119). In study II, half of the patients in both 
study groups were on ventricular assist devices pre-transplantation, which could be one 
of the explanations of the reduced post-operative renal function in both groups.  

Ongoing Randomized Control Study 
Altogether, results from the first human trial with the heart box is promising, although 
more data is required to confirm this. We are currently performing a randomized 
control trial, comparing the heart box with static cold storage.  
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Donor Age and Ischemic Time / The Heart Box 

Long-term Survival 
In study IV, long-term survival was reduced for patients receiving hearts from donors 
60 years of age and more when the ischemic time was beyond 4 hours. Donor age and 
ischemic time are known risk factor for reduced long-term survival (15, 18, 20, 120).  

Ethical Considerations 
The donor criteria have been liberalized during the years and using older donors for 
transplantation is ethically challenging (121). Immohr et al discuss the difficulties of 
not offering young donors to all recipients since young donors have the best outcomes 
for all recipients (122). However, to meet the shortage of organs it is important to 
investigate and strive for the use of as many of the offered organs as possible, without 
compromising the outcomes. Older recipients have for natural reasons reduced 
expected long-term survival compared to young recipients. Accordingly, an older donor 
heart may still improve an older recipient’s quality of life for the rest of their expected 
life span.  

Marginal Donors and the Possible Benefit from NIHP / The Heart Box 
It has been suggested that marginal donors, which includes older donors and prolonged 
ischemic time, would benefit from ex-vivo preservation (95, 123).  

In study IV, when the ischemic time was below 4 hours for donor hearts ≥ 60 years, 
the long-term survival rate was acceptable for the recipients, and even better below 3 
hours. Therefore, we conclude that old donor hearts ≥ 60 years would most likely 
benefit from non-ischemic heart preservation with the heart box when the ischemic 
time is expected to be 3 hours or more. More studies are required to confirm the 
possible improved survival with the heart box. 

Short-term Survival 
Still, when looking at the short-term mortality, all donor age groups had reduced 30 
days survival rate when the ischemic time was beyond 3 hours. It indicates that the 
survival may improve for recipients if the heart box or other oxygenized ex-vivo 
preservation is used when the ischemic time is expected to be 3 hours or more. More 
studies are required to confirm this. 
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Limitations 

The time period stretches out for approximately 30 years in studies I and IV. Several 
parts of the transplantation process have changed and evolved during this era, and it is 
difficult to compare the routine heart transplantations of today to the nearly 
experimental form taking place in the beginning. Perhaps most important, the 
immunosuppression therapy changed during this period from cyclosporin and 
azathioprine to tacrolimus and mycophenolate mofetil. To compensate for these 
confounders, a divided time-era was included in the statistical multivariable models.  

The retrospective form of studies I and IV is further associated with selection bias, 
errors in registers, and the fact that missing data are difficult to handle. In the large 
registry study IV, we excluded all heart transplantations with missing data in the key 
variables. For missing values in other potentially confounding variables, probability 
imputation technique was used. This means that the statistical program performs 
advanced calculations based on similar patient records, resulting in a value that is more 
likely to be true than using mean or mode (124).  

In study II there were only 6 patients in the study group and no significant statistical 
differences could be drawn from such a low number. It was the first first-in-human 
study to evaluate the safety and efficacy with the method, however, we still found it 
valuable to compare the study group to a control group. It was further nonrandomized 
which is associated with selection bias, and trained study involved staff needed to 
participate.  

Study III also required study involved staff to collect and analyze the samples, although 
all patients on the waiting list were eligible. There is also a possibility that the collection 
of the samples was not performed at the same time point in the process, and that the 
amount of administered blood cardioplegia was not exactly equal at every heart 
transplantation. Moreover, the upper IQR of the biomarkers may not be the most 
accurate cut-off for distinguishing a group at higher risk for primary graft dysfunction. 
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Conclusions 

 Extended duration of ischemic time increases the risk for moderate and severe 
acute cellular rejections the first year after heart transplantation. 

 Reperfusion with cardiopulmonary bypass for at least 1 ½ hour leads to less 
incidence of moderate and severe acute cellular rejections and improves long-
term survival. 

 The new technology The Heart Box (Non-Ischemic Heart Preservation) is safe 
to use for preserving donor hearts during heart transplantations. 

 The heart box seems to preserve the donor heart better compared to standard 
preservation. 

 Increased concentrations of CK-MB in the coronary sinus effluent collected 
after the first dose of blood cardioplegia in the donor heart is associated with 
severe graft dysfunction after heart transplantation. 

 Analyzing cardiac biomarkers with a point of care method could contribute to 
early identification of patients at increased risk of primary graft dysfunction. 

 Early intervention with prolonged reperfusion and perhaps mechanical 
support may lead to improved survival. 

 Old donor hearts are the most sensitive to an extended duration of ischemic 
time.  

 Long-term survival improves for recipients with old donor hearts if the 
ischemic time is shorter. Donor hearts 60 years and older would most likely 
benefit from preservation with the heart box when the ischemic time is 
expected to be 3 hours or more. More studies are required to confirm this. 

 Short-term survival is reduced for recipients when the ischemic time is 
prolonged, regardless of the donor age. Preservation with the heart box could 
improve the short-term survival when ischemic time is expected to be 3 hours 
or more. More studies are required to confirm this. 
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Future Perspectives 

A sufficient organ preservation will improve both short- and long-term survival in heart 
transplantations. When the ischemic time is short or at least below 3 hours, and the 
donor heart is not marginal, the heart box is probably not superior to static cold storage.  

An optimal preservation further includes optimal reperfusion of the heart. The use of a 
leukocyte filter in the blood cardioplegia has a place in heart transplantation and 
perhaps cytokine removal in the cardiopulmonary bypass circuit could be of advantage. 
Cytokine removal in lung transplantation has recently been shown in a pig model to 
reduce the incidence of primary graft dysfunction (125). 

For marginal donor hearts, the ischemic time should be kept as short as possible, and 
non-ischemic preservation will most likely be liberally used in the future.  

Ex-vivo perfusion requires extra resources and staff. The more simplified it is, the more 
clinics will be able to use it. Although the heart box requires priming with several 
additives, and a thorough quality check pre-preservation, it is an assignment for the 
perfusionists at the heart transplant center. After the set-up and the priming, there are 
very few actions needed to be made. Therefore, at the donor hospital and during the 
transport, no extra staff should be required other than the usual retrieval team. The 
surgeon is responsible for connecting the donor heart to the box. With assistance from 
the transplant coordinator, the preservation can be started. After this, no adjustments 
are required.  

If the heart box should have any technical errors, and if interruption of the perfusion 
should occur, the heart is still protected by the cold surroundings, similar as for static 
cold storage.  

The exact time coordination of the transplantation process is furthermore not as critical 
as for static cold storage, and even the start of the recipient’s operation might be delayed 
in the future as suitable. In Australia they recently successfully preserved a donor heart 
for 7 hours and 18 minutes with the heart box, storage.mfn.se. It is difficult to interpret 
for how long it is possible to perfuse a heart with the heart box with preserved heart 
function, however 12 hours seems to be of reach.  
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Moreover, the heart box was one of the key factors to success in a recently published 
study on heart xenotransplantation, pig to baboon (126).  

At last, the most recent groundbreaking step was the first clinical xenotransplantation 
of a heart from a genetically engineered pig (with ten genetic modifications) to a 57-
year-old critically ill man, www.dagensmedicin.se, www.nature.com. One of the key 
factors was again the ex-vivo perfusion of the pig heart with non-ischemic heart 
preservation in the heart box. It was conducted at the University of Maryland in 
Baltimore, USA in January 2022. The initial recovery went well, however, the patient 
died 2 months later, fof.se.  

Despite the early death of the xenotransplanted patient, researchers within the field are 
convinced that xenotransplantation’s will contribute to increased numbers of heart 
transplantations in the future. 
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