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ABSTRACT 
Heart transplantation is the gold standard treatment for advanced 
heart failure in selected patients. Organ shortage is however a major 
concern, leading transplant teams to expand the criteria for donor 
selection. Organ retrieval is routinely performed nowadays in donors 
older than 55 years, with impaired left ventricular function and/or 
hypertrophy, or after prolonged cardiac arrest such as after 
circulatory-determined death. All these conditions are associated with 
an increased high of primary graft failure, the main cause of early 
death after heart transplantation. Machine preservation technology 
has been recently applied to allow for extended preservation of the 
donor heart. Compared to conventional static cold storage, this 
approach can also provide viability assessment of the donor heart 
before transplant, especially in case of ex situ normothermic blood 
perfusion. After a brief review of currently available preservation 
machines, we sought to describe different approaches for assessment 
of the donor heart using ex situ organ perfusion, from metabolic 
monitoring to cardiac imaging and hemodynamic investigations. 
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Introduction  
Machine preservation technology has been recently 
developed to allow for safer preservation of the 
donor heart, mainly in the setting of transplants at 
high risk for primary graft failure. After an 
overview of current challenges in heart 
transplantation (HT), we will describe currently 
available devices for ex situ heart preservation, 
underscoring advantages and limitations for each 
commercially available machine. We will then 
report approaches to assess the donor heart during 
ex situ perfusion, a major issue to improve the early 
outcomes in HT.  
 
Current challenges in heart transplantation  
1. Organ shortage and donors with extended 

criteria 
Heart failure is the main cause of mortality in 
Western countries, accounting for more than one 
third of premature deaths. Heart transplantation 
(HT) is the gold standard treatment for advanced 
heart failure with 60 to 65% of survival at 10 years 
after transplant.1,2 Current organ shortage is 
however a major limitation leading transplant 
teams to dramatically expand the criteria for donor 
selection. Over the past two decades a growing 
number of donor hearts with extended criteria have 
been allocated including those older than 55 years, 
with impaired left ventricular function and/or 
hypertrophy, prolonged cardiac arrest, and more 
recently those donated after controlled circulatory 
death (DCD).3,4 All these conditions are associated 
with an increased risk of primary graft failure and 
early death after transplant.5  
 
2.  Cardiac metabolism and ischemia-related 

injuries  
Another major issue in HT is the limited tolerance to 
organ ischemia. Conventional static cold storage 
allows for 4 hours of ischemic period from aortic 
cross clamping in the donor to reperfusion of the 
heart in the recipient. Beyond this critical time 
window, the risk of primary graft failure is 
markedly increased (especially in case of donor 
with extended criteria), along with a higher rate of 
early death during the first postoperative month 
after transplant.3,5 Indeed, the heart requires the 
most important energy supply in the human body 
with a 6-kg daily consumption of adenosine 
triphosphate. Among other energy substrates, 
cardiomyocytes can metabolize glucose, ketone 
bodies produced from fatty acids, and lactate.6 
Cellular anoxia following myocardial ischemia 
rapidly inhibits mitochondrial oxidative 
phosphorylation, leading to major shortage in 
adenosine triphosphate.7 Glycolytic shift related to 
anaerobic metabolism then allows for optimal use 

of energy supply but generates tissue acidosis. 
Residual adenosine triphosphate is therefore used 
to preserve mitochondrial membrane potential. 
From the first minutes of myocardial ischemia, 
regulation of calcium and potassium homeostasis is 
dramatically impaired leading to intracellular 
sodium overload.8,9 The longer the ischemia period, 
the more extensive and potentially irreversible the 
lesions. Massive release of reactive oxygen species 
by the mitochondria results in major cell membrane 
injury and interstitial edema.8 These lesions are 
known to be associated with impaired myocardial 
function, especially loss of contractility. In the setting 
of HT, primary graft failure may therefore occur in 
case of ischemia-related injuries, most of time 
requiring transient mechanical circulatory support 
until recovery. 

 
3. Donation after circulatory-determined death 
Donation after brain death (DBD) is the most 
common situation for organ procurement in HT. 
Historically, the first human HT performed by 
Christiaan Barnard at Cape Town in December 
1967 preceded the worldwide accepted definition 
of brain death. This cardiac allograft was procured 
after circulatory-determined death in a young 
women with severe head trauma associated with 
irreversible brain injury.10 The principle of donation 
after circulatory death (DCD) was therefore 
demonstrated, but has been progressively replaced 
in the 1970’s by DBD after definition and 
acceptance of  this approach by the medical 
community.11 In the mid-2010’s, two groups 
(Papworth Royal Hospital, Cambridge, UK and St 
Vincent Hospital, Sydney, Australia) initiated DCD 
heart transplantation programs.12-14 The main 
concern of this approach is to expose the heart to 
prolonged warm ischemia following withdrawal of 
life supportive therapies. The risk of primary graft 
failure after DCD HT (from 17 to 30%) is correlated 
with the duration of functional warm ischemia 
before retrieval of the donor heart.14,15 These 
groups observed that postoperative outcomes were 
more favorable when this critical period was lower 
than 20 minutes, whereas the risk of primary graft 
failure was markedly increased beyond a 30-
minute period of functional warm ischemia.14,15 To 
prevent the risk of early postoperative death, 
transplant teams assess the viability of the heart 
before transplantation. This approach is at the 
opposite of conventional static cold storage since no 
evaluation of the graft is possible from retrieval to 
transplant. Ex situ isolated perfusion is the most 
commonly applied method to investigate the quality 
of DCD hearts. Indeed, potential myocardial injuries 
that may contraindicate HT can be detected in this 
way. In their preliminary experience, UK and 
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Australian groups showed 2 and 5-year survival 
rates higher than 90% and 82% respectively.14,15 
These favorable outcomes, comparable with 
contemporary results of DBD transplantations, are a 
major hope for patients waiting for HT, and 
underscore the need for ex situ heart perfusion 
technology.  
 
Machine preservation technology in heart 
transplantation 
 
1. From static to controlled cold storage 
Two different approaches can be applied during 
preservation of the donor heart to prevent 
ischemia-reperfusion injuries: 1) reduction of the 
metabolic demand; 2) continuous supply of energy 
substrates. Cold storage at 4°C achieves the first 
objective by preserving the heart in static condition 
with very low requirement for energy substrates. 
This most commonly used method in HT requires 
limited human and financial resources.16 Along with 
potential unstable temperature associated with ice 
storage, another major concern is the limited 
duration for organ preservation, up to 6 hours, but 
with an increased risk of primary graft failure 
beyond 4 hours. Indeed every hour of ischemia 
beyond 4 hours increases the risk of primary graft 
failure by 43%, and one-year mortality by 
25%.5,17 Moreover impaired myocardial cooling 
and direct contact with ice can result in irreversible 
injuries for the heart, especially when tissue 
temperature drops below 2°C.18 An innovative 
technology maintaining the temperature between 4 
and 8 °C has been recently reported, allowing for 
safe preservation of porcine hearts up to 12 
hours.19 This approach ensures stable temperature 
and pressure controlled environment since the heart 
is immersed in a cold preservation solution for 
traveling. A multicenter international clinical trial 
including 800 patients is currently on-going to 
investigate the safety and efficacy of this approach 
in 
HT.(https://clinicaltrials.gov/ct2/show/nct041416
05) Preliminary results show a trend for a lower 
rate of primary graft failure compared to 
conventional static cold storage (16.1% vs. 20.2%) 
for a mean preservation duration of 210.3 ± 52.2 
min.20 A limitation of this device is however the lack 
of ex situ evaluation of the donor heart before 
transplant, unlike machine perfusion technology.  
 
2. Hypothermic perfusion 
To achieve longer preservation, machine perfusion 
technology has been applied in the field of organ 
transplantation. This concept of dynamic 
preservation, widely applied in kidney 
transplantation since the late 2000’s, aims at 

preventing ischemia-reperfusion injury through 
continuous perfusion of preservation solution during 
organ traveling. Along with the benefit of 
maintaining cold homogeneous temperature, this 
approach also provides metabolites, oxygen as 
well as protective drugs contained in commercially 
available preservation solution. In the setting of ex 
situ dynamic hypothermic preservation, perfusion 
set includes a circuit, a roller pump, an oxygenator 
and a heater-cooler unit without direct contact 
between ice and myocardium. In the perfusion 
module, the heart is completely submerged in cold 
preservation solution. Antegrade coronary 
perfusion is achieved thanks to an intra-aortic 
cannulation. Coronary flow is adjusted (from 35 to 
200 mL/min) for temperature (from 4 to 8°C) and 
pressure-controlled (20 mmHg) organ protection, 
allowing for extended preservation of the donor 
heart up to 24 hours in preclinical studies.21-23 

The ex situ hypothermic perfusion machine 
from XVivo Perfusion AB (Göteborg, Sweden) is the 
only commercially available device with clinical 
results in HT to date.24 A multicenter randomized 
clinical trial is currently on-going in Europe to 
investigate the safety and efficacy of this 
technology compared to conventional static cold 
storage 
(https://clinicaltrials.gov/ct2/show/NCT0399192
3). In the XVivo device the heart is immerged in a 
reservoir filled with a buffered extracellular 
solution including albumin and dextran for optimal 
osmotic pressure (Steen solution, XVivo Perfusion AB, 
Sweden), combined with 450 to 500 mL of 
leucocyte-filtered red blood. Temperature of the 
perfusate is maintained at 8°C and continuous 
oxygenation is provided thanks to a miniaturized 
automated heart-lung machine. 

Among the determinants of myocardial 
oxygen demand, contractility of the heart is the 
most important, while basal metabolism accounts for 
only 10 to 20% of total oxygen consumption.25 
Continuous oxygen supply has therefore to be 
maintained even if the heart is arrested during 
isolated hypothermic perfusion. Indeed, cellular 
metabolism is dramatically reduced at 8°C, but 
never completely nil. Compared to normothermia, 
energy metabolism is halved for every 10°C 
reduction in organ temperature according to Van’t 
Hoff’s rule.26 Coronary flow is correlated with 
myocardial oxygen consumption since the main 
mechanism to improve myocardial oxygen delivery 
is by increasing coronary flow. On the other hand 
excessive oxygen supply during hypothermia may 
result in myocardial injury related to generation of 
free radicals.27 The optimal oxygen supply during 
hypothermic organ perfusion remains a matter of 
debate. It is acknowledged that ATP levels in the 
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myocardium can only be restored when oxygen is 
supplied, even at low temperatures. In the setting of 
donation after circulatory-determined death, donor 
hearts are exposed to prolonged warm ischemia 
and therefore have very low cellular rate of ATP. 
Potential impact of oxygenated ex situ hypothermic 
perfusion on oxidative stress and post-transplant 
outcomes remains to be investigated for DCD hearts 
in clinical practice. 

   
3. Normothermic perfusion 
Ex situ isolated perfusion of a frog heart was first 
reported in 1866 by Ludwig and Cyon, then 
Langendorff reported in 1885 a cardiac perfusion 
set up for mammalians characterized by 
retrograde cannulation of the aorta to ensure 
continuous perfusion of the coronary vessels.28 This 
preparation enabled major advances in 
experimental cardiology over the 20th century, and 
was recently applied in the field of HT in the mid 
2000’s. Preliminary experiences using Langendorff 
normothermic blood perfusion of porcine hearts 
underscored the major interest of this technology in 
HT.29 The Organ Care System (OCS, TransMedics, 
Andover, USA) is the only commercially available 
machine for isolated blood perfusion of the heart in 
a beating state. This transportable device has 
enabled more than 1300 HT across the world since 
its first clinical application in 2008, including more 
than 350 DCD cases.30,31 This approach does not 
tolerate any significant aortic regurgitation on the 
donor heart, at the risk of coronary malperfusion 
and thus impaired myocardial protection and 
assessment. The OCS technology has been 
demonstrated to provide comparable outcomes 
compared to static cold storage for “non-marginal” 
donor hearts.32 One of the main advantage is to 
extend the preservation of donor hearts until 
transplantation. The longest out-of-body time 
reported to date for a human cardiac graft to be 
transplanted was 17 hours, including 16 hours on 
the OCS system.33 This is a major advance in HT to 
reduce the risk of primary graft failure when the 
ischemic time is expected to be longer than 4 hours 
(organ retrieval associated with long transportation 
delay; recipient with past history of multiple open 
heart surgeries or with intracorporeal mechanical 
ventricular assist device). A second objective to be 
achieved with OCS is to evaluate the 
transplantability of marginal grafts, including DCD 
hearts.13 These grafts need to be assessed before 
transplant to avoid irreversible primary graft 
failure related to prolonged warm ischemia after 
withdrawal of life-sustaining therapies in the donor. 
Emphasis has recently raised about the optimal 
method to investigate the quality of the donor heart 
during ex situ perfusion. The eligibility for transplant 

remains a though decision to be made by transplant 
clinicians who therefore need to be confident with 
machine perfusion technology along with the means 
to assess the viability of the donor heart in this 
setting.  
 
Assessment of the donor heart during isolated ex 
situ heart perfusion 
Different approaches can be applied to assess the 
donor heart during ex situ preservation, mainly 
depending on the physiology of the perfusion 
machine (resting vs. beating state).   
 
1. Metabolic assessment 
Normothermic blood perfusion is associated with the 
higher metabolic demand compared to other 
machine preservation technologies, since this is the 
only condition in which the heart is preserved in a 
beating state. However in the OCS commercially 
available set up, left heart cavities are unloaded 
(Langendorff mode), so that myocardial oxygen 
demand related to wall tension and muscle 
shortening is low.34 Heart rate, contractility and 
basal metabolism are known to be the main 
determinants of myocardial energy consumption in 
this “resting mode” blood perfusion setting. 
Management as well as viability assessment of the 
beating heart on the OCS is based on lactate 
metabolism. Arterial and venous blood is regularly 
sampled from the perfusion circuit for lactate 
dosage. Myocardial extraction of lactate is 
expected. It has been reported to be associated 
with myocardial viability, and thus with suitability of 
the heart for transplant.29,35 At initiation of ex situ 
normothermic blood perfusion, arterial lactates 
usually increases and efficient myocardial 
extraction is observed after 30 to 60 minutes 
otherwise mean aortic pressure and coronary flow 
have to be adjusted (Figure 1).  

Even if there is no consensus considering the 
cut-off value for arterial lactate to decline a donor 
heart for HT preserved on OCS, most of transplant 
teams aim to achieve arterial lactate <5 mmol/L.12 
However the final value of arterial lactate depends 
on initial concentration of lactate in the perfusate. 
Indeed, blood used to prime the OCS circuit is 
usually collected from the organ donor. In case of a 
DCD heart, withdrawal of life sustaining therapies 
is followed by an agonal phase characterized by 
impaired tissue perfusion and prolonged hypoxia 
(warm ischemic period) until cessation of blood flow. 
A high rate of lactate is therefore generated 
(usually from 5 to 10 mmol/L) in the donor blood, 
and thus remarkable in OCS circuit at initiation of 
isolated heart perfusion. Since there is no clearance 
of lactate by any component of the circuit, every 
change in lactate concentration observed during ex 
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situ heart perfusion is directly related to myocardial 
metabolism. The most important is to obtain positive 
arteriovenous lactate values, consistent with 
favorable myocardial uptake, whatever the 
absolute value of arterial and venous lactates. In 
normothermic and normoxic conditions the heart is 
actually able to metabolize lactate. A too early 
decrease of arterial lactate during the first hour ex 
situ perfusion should however be avoided since it 
may be related to excessive coronary flow that 
may result in myocardial edema and thus 
progressive increase in coronary vascular 
resistance.  

There is no consensus considering the 
optimal duration of isolated heart perfusion before 
allocation of the heart for transplantation, 
especially for DCD hearts. Moreover the level of 
lactates at the end of ex situ perfusion run has been 
poorly correlated with post-transplant outcomes to 
date. Further preclinical studies are needed to 
validate the relationship between adverse lactate 
trend and the risk of primary graft failure. It 
remains a major concern for clinicians to decide for 
non-eligibility of a donor heart for transplantation, 
just based on lactate trend.     

 
Figure 1. Representations of favorable and adverse trends for serum lactate during isolate ex situ heart 
perfusion. Arterial lactate: red colomn; venous lactate: blue colomn; coronary flow: red line. 

 
2. Coronary imaging 
A growing number of donors with cardiovascular 
risk factors are proposed for procurement 
nowadays. Unfortunately coronary investigations 
are frequently unavailable at the donor site. A 
French retrospective study from the national 
transplant database showed that coronary 
angiography increases by 9% the acceptance of 
the donor heart.36 Some groups have reported their 
preliminary experience of coronary angiography 
on isolated beating heart, mainly using OCS 

technology.37,38 This approach is of major interest 
since donors at high-risk for coronary artery disease 
are routinely declined for procurement. Ex situ 
coronary imaging may therefore increase the 
chance for organ allocation and transplantation 
with reduced risk of primary graft failure.  However 
there is no consensus considering the appropriate 
protocol for coronary angiography on the isolated 
beating heart. Indeed, the heart is hanged by the 
aortic cannula to ensure continuous coronary 
perfusion, with anterior wall of the left ventricle 
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facing the bottom of the perfusion module (Figure 
2). Conventional views usually applied for “inside 
the body” coronary angiography are therefore not 
suitable for the isolated perfused heart. In our 
experience, the OCS machine has to be elevated 
on a box to ensure safe rotations of the C-arm 
around the heart. A 5-French sheath has to be 
inserted into the secured vascular access on the 
arterial line in front of the aorta (Figure 2). A 
diagnostic catheter is then introduced in the aortic 
root using a 0.0035-inch guide wire. Sequential 
catheterization of the coronary ostia is performed 
using a 5-French left Amplatz catheter, considering 
the inverse position of the coronary vessels 
compared to in situ coronary angiography 
procedure. Rotation by 90° of the C-arm for 
horizontal beam orientation is necessary to record 
coronary angiogram (Figure 3).30   
 
Figure 2. Instrumentation of the heart on the Organ 
Care System perfusion module (TransMedics, 
Andover, USA). Arterial access for coronary artery 
catheterization is remarkable at the end of the 
arterial line, in front of the aortic cannula. LA, left 
atrium; LV, left ventricle; RA, right atrium; RV, right 
ventricle.   

 

 Along with anatomical challenge to obtain 
coronary angiogram, this approach brings up 
several concerns. Radiopaque materials inside the 
OCS module may stop X-rays and markedly lead 
to misdiagnosis of coronary artery disease. Second, 
injection of contrast medium in a close circuit raises 
the issue of hemodilution. The hematocrit of the 
perfusate should remain above 20% as 
recommended by the manufacturer. Moreover, 
clearance of iodinated contrast agents on the OCS 
circuit is questionable. We hypothesize that 
prolonged exposition to iodinated contrast medium 
with low osmolality may result in deleterious 
myocardial edema and primary graft failure. Last, 
biological effects of ionizing radiation on an ex situ 
isolated perfused organ are unknown. Radiation is 
known to early induce endothelial cell dysfunction, 
characterized by increased permeability, 
apoptosis, and microthrombus 
formation.39,40 Further studies are needed to 
investigate whether a dose-dependent effect along 
with patient’s age and comorbidities (diabetes, high 
blood pressure) may influence the radiosensibility 
of the heart during ex situ perfusion. Other 
alternative approaches have been recently 
investigated in preclinical models for noninvasive 
assessment of myocardial microcirculation during ex 
situ heart perfusion including real time myocardial 
contrast echocardiography or 3-dimensional 
ultrafast echography.41,42 
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Figure 3. Left (A) and right (B) coronary angiogram performed during isolated ex situ perfusion of the heart. 
Left anterior descending artery (blue arrow) and middle right coronary artery (white arrow) are remarkable.   

 
 
3. Hemodynamic and functional assessment  

Cardiac function is usually investigated in 
the donor before organ retrieval. Recent emphasis 
has been observed about ex situ rehabilitation of 
donor hearts with extended criteria. 
Transplantability based on circulating biomarkers 
may be a concern, especially for DCD hearts with 
adverse lactate profile during ex situ perfusion. On 
the other hand, the rate of primary graft failure 
ranged from 15 to 30% for DCD hearts associated 
with favorable lactate trend before transplant.14,15 
Transplant physicians would therefore expect to get 
functional assessment of these marginal grafts 
before transplantation.  

Commercially available machines for 
organ preservation do not provide indices for 
contractile performance, even during normothermic 
blood perfusion. In this approach, the organ is 
preserved in a beating state, but without loading 
left heart cavities (Langendorff mode). Surface 
echocardiography is theoretically feasible on OCS, 
but it doesn’t provide any relevant analysis since 
the left ventricle is not loaded. Working mode 
perfusion is the only way to achieve both 
hemodynamic and ultrasound investigations on the 
isolated heart. Historically the first original OCS 
module was designed for working mode.29 This 
approach was considered too complicated for 
clinical practice and Langendorff perfusion was 
favored.  

In preclinical models, working mode 
conditions can be implemented for research 
purposes. After 30 to 60-min of stable Langendorff 
blood perfusion consistent with myocardial 
extraction of lactates, left heart cavities can be 
progressively filled. An additional canula should be 
introduced in the right atrium to achieve 
physiological left ventricular preload around 10 
mmHg (Figure 4). The main challenge of this 
procedure is to avoid coronary air embolism. A left 
ventricular vent should therefore be left in place 
during all investigations. Similarly the aortic line has 
to be connected to a compliance chamber including 
an additional oxygenator and a cardiotomy 
reservoir to reproduce a left ventricular afterload 
of approximatively 70 mmHg (Figure 4). Some 
groups add a second centrifugal pump to ensure 
continuous preload for the left heart.43,44 In working 
mode setting, hemodynamic and ultrasound 
investigations of the heart can be applied. Surface 
echocardiography can be performed using 
preferentially a transesophageal probe applied on 
the left atrium roof through the OCS sterile drape 
previously located around the heart (Figure 4). 
Transesophageal probe is manually rotated until 4-
chamber view is obtained, and then adjusted to 
obtain 3 (100-120°) and 2-chamber (40-60°) 
views to allow for measurement of left ventricular 
ejection fraction and global longitudinal strain.43-45 
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Figure 4. (A) Custom circuit for ex situ isolated heart perfusion in working mode condition. Additional 
reservoirs allow for adjustment of left ventricular preload and afterload. (B) Surface echocardiography 
using transesophageal probe during ex situ heart perfusion. LV, left ventricle. 

 
Pressure-volume loops is the gold standard 

method for assessment of cardiac hemodynamics. 
Initially validated in preclinical animal models, this 
approach has been recently applied in the field of 
ex situ heart perfusion.44,46 After puncture of the left 
atrial roof, a pigtail conductance catheter can be 
located in the left ventricle. The position of the 
catheter is usually adjusted to obtain optimal 
volume signals. Minimum dP/dt, maximum dP/dt, 
left ventricular stroke work, left ventricular pre-
recruitable stroke work and tau (time constant of 
isovolumic relaxation) can then be recorded after 
volume and pressure calibration steps. End-systolic 
elastance as well as end-diastolic pressure-volume 
relationship for the left ventricle can be assessed 
during partial transient occlusion of left atrial 
preload line over 5 consecutive cardiac cycles. 
Myocardial contractility and relaxation can thereby 
be discriminated independently from loading 
conditions. This invasive approach would however 
need to be correlated with ultrasound 
measurements or circulating biomarkers to avoid 
additional instrumental procedures.  

   
Perspectives  
The landscape of organ preservation for 
transplantation is evolving with the emergence of 
machine perfusion technology. This innovative 
approach is a major hope to safely expand the 
pool of donor hearts, and thereby to increase the 
chance for HT. Metabolic biomarkers are currently 
applied to ensure the transplantability of the donor 
heart, with limited correlations with cardiac 
performance to date.47 Advances in functional 
assessment of the graft before transplant are 
expected, especially in the setting of DCD heart 
transplantation. Organizations dedicated for organ 
retrieval and preservation have to be defined, 
along with recognition of new professional skills. 

Multidisciplinary platforms for prolonged ex situ 
perfusion could soon allow for organ rehabilitation 
and therapeutic intervention to improve the post-
transplant outcomes.48  
 
Conclusion 
Machine perfusion of donor hearts has recently 
gained major interest to improve postoperative 
outcomes in high-risk transplantations. Commercially 
available platforms for ex situ heart perfusion allow 
for longer preservation compared to static cold 
storage. Monitoring of the donor heart during 
dynamic preservation before transplant is currently 
based on metabolic profiling in clinical practice. 
Preliminary results of hemodynamic and ultrasound 
assessment for the isolated perfused heart are 
promising and require further investigations.  
 
Conflicts of Interest Statement 
The authors have no conflict of interest to declare. 
 
Funding Statement 
J.G. received research grants from the Federation 
Francaise de Cardiologie (Paris, France) and from 
the Fondation Coeur et Recherche (Paris, France) to 
support the translational ex situ heart perfusion 
program at Marie Lannelongue hospital. A. A. 
received a research fellowship grant from the 
Association Chirurgicale pour le Développement et 
l’Amélioration des Techniques de Dépistage et de 
Traitement des Maladies Cardio-vasculaires 
(ADETEC, Suresnes, France). 
 
Acknowledgments 
The authors thank Benoit Decante and all the heart 
transplantation team at Marie Lannelongue 
Hospital (Le Plessis Robinson, France) for their 
logistic support in the ex situ heart perfusion 
program. 

https://esmed.org/MRA/index.php/mra/article/view/3116
https://esmed.org/MRA/mra


                                                      
 

Machine Preservation and Ex Situ Assessment of the Donor Heart

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/3116  9 

References 
1. Fynn-Thompson F. Heart Transplantation in 

Adults with Congenital Heart Disease. 
Methodist DeBakey cardiovascular journal. 
2019;15(2):145-148. 

2. Khush KK, Potena L, Cherikh WS, et al. The 
International Thoracic Organ Transplant 
Registry of the International Society for 
Heart and Lung Transplantation: 37th adult 
heart transplantation report-2020; focus 
on deceased donor characteristics. The 
Journal of heart and lung transplantation : 
the official publication of the International 
Society for Heart Transplantation. 
2020;39(10):1003-1015. 

3. Khush KK, Hsich E, Potena L, et al. The 
International Thoracic Organ Transplant 
Registry of the International Society for 
Heart and Lung Transplantation: Thirty-
eighth adult heart transplantation report 
&#x2014; 2021; Focus on recipient 
characteristics. The Journal of Heart and 
Lung Transplantation. 2021;40(10):1035-
1049. 

4. Guihaire J, Noly PE, Martin A, et al. Impact 
of donor comorbidities on heart transplant 
outcomes in the modern era. Interactive 
cardiovascular and thoracic surgery. 
2017;24(6):898-904. 

5. Kobashigawa J, Zuckermann A, Macdonald 
P, et al. Report from a consensus conference 
on primary graft dysfunction after cardiac 
transplantation. The Journal of heart and 
lung transplantation : the official publication 
of the International Society for Heart 
Transplantation. 2014;33(4):327-340. 

6. Smith JG. Molecular Epidemiology of Heart 
Failure: Translational Challenges and 
Opportunities. JACC Basic to translational 
science. 2017;2(6):757-769. 

7. Hausenloy DJ, Yellon DM. Myocardial 
ischemia-reperfusion injury: a neglected 
therapeutic target. The Journal of clinical 
investigation. 2013;123(1):92-100. 

8. Cullen PP, Tsui SS, Caplice NM, Hinchion JA. 
A state-of-the-art review of the current role 
of cardioprotective techniques in cardiac 
transplantation. Interactive cardiovascular 
and thoracic surgery. 2021;32(5):683-694. 

9. Carmeliet E. Myocardial ischemia: 
reversible and irreversible changes. 
Circulation. 1984;70(1):149-151. 

10. Barnard CN. Human heart transplantation. 
Canadian Medical Association journal. 
1969;100(3):91-104. 

11. Arnet WF. The criteria for determining 
death in vital organ transplants--a medical-

legal dilemma. Missouri law review. 
1973;38(2):220-234. 

12. Dhital KK, Iyer A, Connellan M, et al. Adult 
heart transplantation with distant 
procurement and ex-vivo preservation of 
donor hearts after circulatory death: a case 
series. Lancet (London, England). 
2015;385(9987):2585-2591. 

13. Dhital K, Ludhani P, Scheuer S, Connellan M, 
Macdonald P. DCD donations and 
outcomes of heart transplantation: the 
Australian experience. Indian journal of 
thoracic and cardiovascular surgery. 
2020;36(Suppl 2):224-232. 

14. Messer S, Cernic S, Page A, et al. A 5-year 
single-center early experience of heart 
transplantation from donation after 
circulatory-determined death donors. The 
Journal of heart and lung transplantation : 
the official publication of the International 
Society for Heart Transplantation. 
2020;39(12):1463-1475. 

15. Chew HC, Iyer A, Connellan M, et al. 
Outcomes of Donation After Circulatory 
Death Heart Transplantation in Australia. 
Journal of the American College of 
Cardiology. 2019;73(12):1447-1459. 

16. Thomas FT, Szentpetery SS, Mammana RE, 
Wolfgang TC, Lower RR. Long-distance 
transportation of human hearts for 
transplantation. The Annals of thoracic 
surgery. 1978;26(4):344-350. 

17. Goldsmith KA, Demiris N, Gooi JH, et al. 
Life-years gained by reducing donor heart 
ischemic times. Transplantation. 
2009;87(2):243-248. 

18. Mankad P, Slavik Z, Yacoub M. Endothelial 
dysfunction caused by University of 
Wisconsin preservation solution in the rat 
heart. The importance of temperature. The 
Journal of thoracic and cardiovascular 
surgery. 1992;104(6):1618-1624. 

19. Michel SG, LaMuraglia Ii GM, Madariaga 
ML, Anderson LM. Innovative cold storage 
of donor organs using the Paragonix 
Sherpa Pak ™ devices. Heart, lung and 
vessels. 2015;7(3):246-255. 

20. D'Alessandro D, Philpott J, Boeve T, Pham 
S, Zuckermann A. First Report of the 
GUARDIAN Registry: An International 
Consortium Examining the Effect of 
Controlled Hypothermic Preservation in 
Heart Transplantation. The Journal of Heart 
and Lung Transplantation. 
2021;40(4):S127. 

https://esmed.org/MRA/index.php/mra/article/view/3116
https://esmed.org/MRA/mra


                                                      
 

Machine Preservation and Ex Situ Assessment of the Donor Heart

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/3116  10 

21. Michel SG, La Muraglia GM, 2nd, 
Madariaga ML, et al. Preservation of 
donor hearts using hypothermic 
oxygenated perfusion. Annals of 
transplantation. 2014;19:409-416. 

22. Peltz M, Cobert ML, Rosenbaum DH, West 
LM, Jessen ME. Myocardial perfusion 
characteristics during machine perfusion for 
heart transplantation. Surgery. 
2008;144(2):225-232. 

23. Poston RS, Gu J, Prastein D, et al. 
Optimizing donor heart outcome after 
prolonged storage with endothelial 
function analysis and continuous perfusion. 
The Annals of thoracic surgery. 
2004;78(4):1362-1370;; discussion 1362-
1370. 

24. Nilsson J, Jernryd V, Qin G, et al. A 
nonrandomized open-label phase 2 trial of 
nonischemic heart preservation for human 
heart transplantation. Nature 
communications. 2020;11(1):2976. 

25. Yaku H, Slinker BK, Mochizuki T, Lorell BH, 
LeWinter MM. Use of 2,3-butanedione 
monoxime to estimate nonmechanical VO2 
in rabbit hearts. The American journal of 
physiology. 1993;265(3 Pt 2):H834-842. 

26. Balogh L, Donhoffer S, Mestyan G, Pap T, 
Toth I. The effect of environmental 
temperature on the O2-consumption and 
body temperature of rats under the acute 
action of some drugs affecting energy 
exchange and body temperature. Acta 
physiologica Academiae Scientiarum 
Hungaricae. 1952;3(2):367-375. 

27. Fuller BJ, Gower JD, Green CJ. Free radical 
damage and organ preservation: fact or 
fiction? A review of the interrelationship 
between oxidative stress and physiological 
ion disbalance. Cryobiology. 
1988;25(5):377-393. 

28. Zimmer HG. The Isolated Perfused Heart 
and Its Pioneers. News in physiological 
sciences : an international journal of 
physiology produced jointly by the 
International Union of Physiological Sciences 
and the American Physiological Society. 
1998;13:203-210. 

29. Hassanein WH, Zellos L, Tyrrell TA, et al. 
Continuous perfusion of donor hearts in the 
beating state extends preservation time 
and improves recovery of function. The 
Journal of thoracic and cardiovascular 
surgery. 1998;116(5):821-830. 

30. Dang Van S, Gaillard M, Laverdure F, et 
al. Ex vivo perfusion of the donor heart: 
Preliminary experience in high-risk 

transplantations. Archives of cardiovascular 
diseases. 2021;114(11):715-726. 

31. McCurry K, Jeevanandam V, Mihaljevic T, 
et al. 294: Prospective Multi-Center Safety 
and Effectiveness Evaluation of the Organ 
Care System Device for Cardiac Use 
(PROCEED). The Journal of Heart and Lung 
Transplantation. 2008;27(2):S166. 

32. Ardehali A, Esmailian F, Deng M, et al. Ex-
vivo perfusion of donor hearts for human 
heart transplantation (PROCEED II): a 
prospective, open-label, multicentre, 
randomised non-inferiority trial. Lancet 
(London, England). 
2015;385(9987):2577-2584. 

33. Kaliyev R, Bekbossynov S, 
Nurmykhametova Z. Sixteen-Hour Ex Vivo 
Donor Heart Perfusion During Long-
Distance Transportation for Heart 
Transplantation. Artificial organs. 
2019;43(3):319-320. 

34. Duncker DJ, Bache RJ. Regulation of 
coronary blood flow during exercise. 
Physiological reviews. 2008;88(3):1009-
1086. 

35. Hamed A, Tsui S, Huber J, Lin R, Poggio EC, 
Ardehali A. 19: Serum Lactate Is a Highly 
Sensitive and Specific Predictor of Post 
Cardiac Transplant Outcomes Using the 
Organ Care System. The Journal of Heart 
and Lung Transplantation. 2009;28(2):S71. 

36. Ivanes F, Cantrelle C, Genet T, et al. 
Performing diagnostic coronary 
angiography to evaluate high-risk cardiac 
donors: A French nationwide cohort study. 
International journal of cardiology. 
2019;277:71-78. 

37. Nadel J, Scheuer S, Kathir K, Muller D, 
Jansz P, Macdonald P. Successful 
transplantation of high-risk cardiac 
allografts from DCD donors following ex 
vivo coronary angiography. The Journal of 
heart and lung transplantation : the official 
publication of the International Society for 
Heart Transplantation. 2020;39(12):1496-
1499. 

38. Schibilsky D, Zhou Q, Wengenmayer T, et 
al. Coronary Angiography and 
Intravascular Ultrasound in an Ex-Vivo 
Perfused Heart Using the Organ Care 
System (OCS). The Journal of Heart and 
Lung Transplantation. 2019;38(4):S271. 

39. Baker DG, Krochak RJ. The response of the 
microvascular system to radiation: a 
review. Cancer investigation. 
1989;7(3):287-294. 

https://esmed.org/MRA/index.php/mra/article/view/3116
https://esmed.org/MRA/mra


                                                      
 

Machine Preservation and Ex Situ Assessment of the Donor Heart

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/3116  11 

40. Wang J, Boerma M, Fu Q, Hauer-Jensen M. 
Significance of endothelial dysfunction in 
the pathogenesis of early and delayed 
radiation enteropathy. World journal of 
gastroenterology. 2007;13(22):3047-
3055. 

41. Demeulenaere O, Sandoval Z, Mateo P, et 
al. Coronary Flow Assessment Using 3-
Dimensional Ultrafast Ultrasound 
Localization Microscopy. JACC 
Cardiovascular imaging. 2022;15(7):1193-
1208. 

42. Hassanein AH, Elbatanony A, Abdelaziem 
A, Solomon SD. 241: The Organ Care 
System (OCS) Enables Ex-Vivo Assessment 
of Donor Heart Coronary Perfusion Using 
Contrast Echocardiography. The Journal of 
Heart and Lung Transplantation. 
2009;28(2):S150. 

43. Hatami S, White CW, Ondrus M, et al. 
Normothermic Ex Situ Heart Perfusion in 
Working Mode: Assessment of Cardiac 
Function and Metabolism. Journal of 
visualized experiments : JoVE. 2019(143). 

44. Ribeiro RVP, Alvarez JS, Yu F, et al. 
Comparing Donor Heart Assessment 
Strategies During Ex Situ Heart Perfusion to 

Better Estimate Posttransplant Cardiac 
Function. Transplantation. 
2020;104(9):1890-1898. 

45. Hatami S, Qi X, White CW, et al. The 
Position of the Heart During Normothermic 
Ex Situ Heart Perfusion is an Important 
Factor in Preservation and Recovery of 
Myocardial Function. ASAIO journal 
(American Society for Artificial Internal 
Organs : 1992). 2021;67(11):1222-1231. 

46. Kobayashi J, Luo S, Akazawa Y, et al. Flow-
targeted pediatric ex vivo heart perfusion 
in donation after circulatory death: A 
porcine model. The Journal of heart and 
lung transplantation : the official publication 
of the International Society for Heart 
Transplantation. 2020;39(3):267-277. 

47. Olkowicz M, Ribeiro RVP, Yu F, et al. 
Dynamic Metabolic Changes During 
Prolonged Ex Situ Heart Perfusion Are 
Associated With Myocardial Functional 
Decline. Frontiers in immunology. 
2022;13:859506. 

48. Clavien PA, Dutkowski P, Mueller M, et al. 
Transplantation of a human liver following 
3 days of ex situ normothermic 
preservation. Nature biotechnology. 2022. 

 

https://esmed.org/MRA/index.php/mra/article/view/3116
https://esmed.org/MRA/mra

