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Abstract  

Background. Organ transplantation is the optimal decision for patients in 

the end stage of many diseases. Certain conditions are required for the 

transportation and preservation of a donor organ after explantation, 

including factors such as temperature, pressure, and preservative solution. 

All currently available methods of preservation of donor organs are aimed 

at maximizing the complete preservation of the functional state of the graft 

from the moment of its removal to implantation and reperfusion in the 

recipient's body. 

Aim. The purpose of this review is to provide up-to-date information on the 

results of the studies performed in order to decide on the preferred method 
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of organ preservation.  

Material and methods. An analysis of literature sources in English and 

Russian from 2009 to 2023 on this topic was performed in the databases 

PubMed, MEDLINE, Google Scholar. The review highlights the results of 

preclinical (on animal models) and clinical studies, as well as achievements 

in the field of ex-vivo machine perfusion with an emphasis on machine 

hypothermic perfusion and modified oxygenated hypothermic machine 

perfusion, subnormothermic machine perfusion and machine normothermic 

perfusion. 

Results. The daily increase in the number of patients in need of organ 

transplantation delays the timely selection and search for a donor. Organ 

donation after cardiac death is a promising step in an attempt to overcome 

the disbalance between the number of patients and organs, but the risk of 

developing early graft damage increases. The criteria for selecting donors 

and donor organs are being expanded, as a result, elderly donors and not-

optimal grafts are included, but they are less resistant to ischemic damage. 

In this connection, there is a need for long-term infusion support through 

machine perfusion. 

Conclusion. In recent years, research has focused on alternative 

preservation methods, studying hypothermic, subnormothermic and 

normothermic machine perfusion. The use of machine perfusion has become 

the most widespread among kidney transplants and has shown good results. 

Further development is expected in the field of studying and improving this 

method of organ preservation, which allows not only transporting, but also 

improving the functional state of the graft. 
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ALT, alanine aminotransferase 

AST, aspartate aminotransferase 

ATP, adenosine triphosphoric acid 

HMP, hypothermic MP 

MP, machine perfusion  

NMP, normothermic MP 

RCT, randomized clinical trial 

SMP, subnormothermic MP 

 

Introduction 

Organ transplantation is the only radical method of treating chronic 

diseases in the end stage and with fulminant development [1]. Improvements 

in surgical technology have led to a rapid increase in the number of surgical 

interventions, and at the moment we can state that organ transplantation is a 

routine operation [2]. But this success has led to many more patients being 

placed on waiting lists than there are available donor organs. The growing 

gap between supply and demand has caused an increased mortality before 

organ transplantation. The issue of donor organ shortage has not been 

resolved yet [3, 4]. There is always an active search for new approaches and 

ways to preserve or heal those organs that would have previously been 



 

considered unsuitable for transplantation. Expanding organ donor eligibility 

criteria is a promising step, with the main targets being non-heart-beating 

donors, older age group donors, and suboptimal graft. In GODT statistics, 

approximately 22% are non-heart-beating donors [5], but in these cases the 

grafts often have reduced functional reserve and are therefore less resistant 

to preservation and reperfusion injury. Possible difficulties such as graft 

ischemia, primary graft non-function and biliary complications come to the 

fore in case of liver transplantation [6]. To solve these problems, a number 

of authors present for discussion some methods of early diagnosis, treatment 

and prognosis of graft survival. One such method is machine perfusion 

(MP). It is likely that existing technologies will help to increase the pool of 

donor organs and, respectively, the number of transplantations [7].  

There are many studies in the literature comparing protection against 

ischemic injury through the use of machine perfusion versus static cold 

preservation [8]. This technique allows one to assess and predict organ 

function, ensure perfusion of nutrients and oxygen, and, importantly, 

increase the time for transportation. The mechanism of the protective 

properties of machine perfusion is to reduce cellular metabolism, maintain 

stable temperature and pressure, and provide a constant supply of nutrients 

[9]. Adding oxygen to the perfusion solution provides protection against 

reperfusion injury. Moreover, the team of authors from Wuhan University 

also suggests improving organ viability through reducing vascular spasm. 

There may be a link with the maintenance and restoration of the 

physiological state of the vascular wall and pulsatile perfusion use. It is 

proposed to use machine perfusion with oxygen not only for transportation, 

but also for short-term (1–3 hours) treatment of the graft immediately before 

implantation [10]. The positive factor here is that there is no need to 



 

transport the device itself. The protective effects of this method on the graft 

have been proven in a number of studies and provide a very attractive idea, 

but require further study [11]. 

The first clinical trials of hypothermic MP (HMP) were registered in 

2010 in marginal donors with beating heart [12]. To date, there are 7 

prospective clinical studies with the results demonstrating a 1-year HMP-

treated graft survival varying from 80.6 to 97% [13]. 

Thus, MP provides a number of advantages, some of which are still 

awaiting confirmation and research. However, the essence of the MP method 

is to store the organ under conditions of controlled pressure and temperature, 

as well as filtration, recirculation of the solution, and oxygenation [1-4]. The 

modern device is small in size, portable, autonomous, which provides 

opportunities for transportation. According to the mechanism, it is a circuit for 

recirculating the perfusion solution, in controlled pressure and temperature. 

This continuous flow ensures better saturation of organ tissues with a 

preservative solution, as well as the delivery of oxygen and nutrients when 

necessary. In addition, there is the possibility of constant monitoring of 

biochemical parameters and a safe increase in storage time [15]. To determine 

viability and functional status during MP, various organ-specific parameters, 

such as the vascular resistance, elasticity, and pressure, can be assessed [16]. 

However, the predictive value still needs to be proven in future studies. 

 

History 

Since the beginning of the 20th century, there has been a search for a 

way to preserve the organ ex vivo. In 1935, A. Carrel, together with 

C.A. Lindbergh, became the inventors of the first available organ perfusion 

machine ensuring a maintained constant pressure and nutrient delivery [17]. 



 

There were technical shortcomings in Carrel's technique, such as a lack of 

sufficient oxygen supply, inability of temperature control, and the risk of 

infection. Interest in continuing research in this direction decreased for a 

short time, but subsequently, with the development of transplantation, this 

technique found its clinical application [18]. So, the first MP was introduced 

into clinical practice of kidney transplantation in the 1960s. Its main goal 

was to provide conditions to prolong organ transportation; donor plasma was 

used as a perfusion solution. However, with the discovery of static cold 

perfusion solution (UW Solution) by F. Belzer and J. Southard, which is a 

simpler and more reliable method of graft preservation, the need for machine 

perfusion decreased [19]. Static cold preservation is still an effective and 

safe method of organ transportation, which is used all over the world [20]. 

But due to the shortage of donor organs and the forced use of expanded 

criteria donor organs, the next step in the history of MP development 

included the attempts to use the device more for the treatment and diagnosis 

of any graft damage rather than for transportation [21]. Experimental studies 

demonstrated that MP helped to protect the organ from ischemic effects. The 

first clinical trial was described by J.V. Guarrera in 2009 with a sample size 

of 20 liver transplant recipients from non-heart-beating donors [25]. MP was 

performed for a mean of 4 hours; and during perfusion, liver enzymes were 

analyzed. The authors reported of no adverse events, such as a graft rejection 

or other serious organ dysfunctions; there were no vascular or biliary 

complications [23]. The procedure was considered a promising solution of 

problems with suboptimal donor organs requiring additional diagnosis. A 

follow-up study by P. Dutkowski et al. with median follow-up periods of 

448, 528, and 1530 days for a non-heart-beating donor liver preserved by 

using oxygenated HMP, a non-heart-beating donor liver preserved by MP 



 

without oxygen, and a liver from a brain-dead donor, respectively, 

demonstrated impressive results of using oxygenated MP [23]. The authors 

state that the effect of MP with oxygen depends on the oxygen saturation of 

the perfusate; and recent experimental studies in porcine livers using 

deoxygenated and oxygenated perfusion solutions have indicated this fact. 

However, at the control timepoints of the study mentioned above, the 

improvements were recorded in a number of biochemical and clinical 

parameters after a 1-year follow-up. The most reliable parameter for 

assessing the graft safety is biochemical markers [24]. Thus, the liver treated 

with hypothermic MP (HMP) with oxygen demonstrated less pronounced 

release of liver enzymes after reperfusion compared to non-perfused liver 

(peak alanine aminotransferase (ALT) 1239 versus 2065 U/L, peak aspartate 

aminotransferase (AST) 1808 versus 2848 U/L; peak bilirubin 44 mmol/L 

versus 109 mmol/L). And these patients showed less severe early graft 

dysfunction [25].  

At present, after so many years of studying the MP subject, we can 

say that this method is a promising way to optimize the functioning of 

organs ex-vivo before implantation to the recipient; however, the full 

potential of the technique can be revealed in further clinical studies. The key 

goal of using MP is the organ ex vivo procurement under conditions of 

aerobic metabolism, which has an advantage over anaerobic static cold 

storage. Anaerobic metabolism, in turn, leads to thinning of cell membranes 

and an increased risk of damage to organ tissue [25, 26]. 

Growing interest in assessing the functional integrity of an organ and 

the success of reperfusion, including the graft acceptance, has led to new 

studies examining the importance of perfusion parameters for this purpose. 

According to the literature studied, there are several types of donor organ 



 

MP, differing in temperature conditions and the presence or absence of 

solution oxygenation. 

– HMP in the temperature range from 0º С to +10º С without oxygen 

saturation of the perfusate or with oxygen saturation (hypothermic 

oxygenated perfusion), 

– mediathermic MP (MMP) from +10º С to +20ºС 

– subnormothermic MP (SMP) from +20º С to +25ºС, 

– normothermic MP (NMP) from +35º С to +38ºС. 

Besides time and temperature of MP performance, the perfusate 

composition varies significantly between different techniques. NMP or SMP 

requires the presence of red blood cells or artificial oxygen carriers; the cold 

perfusion technologies depend on the amount of oxygen dissolved in the 

perfusate. 

 

Hypothermic machine perfusion 

More than several decades have passed in studying the effect of 

hypothermia on the graft preservation ex vivo and various models of this 

technique. HMP combines low temperature (0–10°C) and a colloid-

containing preservative solution for the purpose to slow down cellular 

metabolism [27]. The device is a sealed sterile system, in which stable 

temperature and pressure are continuously maintained. There are many 

registered hypothermic machine perfusion platforms, such as the 

KidneyAssist Device (Organ Assist BV, Groningen, The Netherlands) and 

Airdrive (AD). Such systems consist of a disposable organ chamber, pump, 

oxygenator with an oxygen supply tank, battery and control panel, the entire 

system is contained in an ice box to provide a hypothermic state from -4ºC 

to 10º C for no more than 24 hours [27, 28]. The pump operates at a 



 

controlled pressure of approximately 30 mm Hg with a pulse wave of about 

60 beats/min. The device is portable, which means there are no difficulties in 

transporting the organ from one center to another where implantation is to be 

performed. Parameters such as temperature, vascular resistance, and pressure 

are recorded every minute. Clinical trials of kidney HMP device in animal 

models described a decrease in renal tubular damage, increased clearance, 

and less oxidative stress [28]. Comparative studies that included humans 

undergoing liver transplantation have shown lower levels of biochemical 

parameters, namely serum lactate, ALT, alkaline phosphatase, γ-

glutamyltranpeptidase, prothrombin time, and total bilirubin, as well as the 

absence of biliary complications, and a reduction in hospital length of stay in 

patients. It should be noted that in any machine liver preservation at low 

temperatures, too high perfusion pressures must be strictly avoided to prevent 

endothelial stress with subsequent damage [28, 29]. 

A study analyzing more than 90,000 kidney transplants found that, 

HMP had a significant benefit compared with standard cold storage, 

particularly when preservation times are longer than 6 hours [31]. Despite 

the obvious advantages of this technique, there have been published a study 

reporting negative results of HMP. The study was conducted on porcine 

kidneys and described three groups: classic static cold perfusion, HMP for 

18 hours, and HMP for 4 hours. The negative effects were the damage to 

endothelium and the development of edema; these effects depended on the 

perfusion duration and the pressure level. V. Gomez, using 93 kidney grafts, 

proved the connection between the pressure during perfusion and the 

subsequent functioning of the organ. Measurements were made using 

Doppler sonography [30]. Further studies should answer the question of how 

much this technique can restore suboptimal grafts. 



 

Hypothermic machine perfusion with oxygen 

The most suitable method of delivering oxygen is active oxygenation 

of the perfusate. In a number of studies, oxygen-perfused livers showed a 

lower release of liver enzymes compared to controls subjected to static 

conventional hypothermic storage for the similar storage period. The studies 

performed have demonstrated a decrease in metabolic rate in a hypothermic 

state with continuous oxygen consumption [30, 31]. For optimal recovery, 

and reperfusion injury reduction, the graft should be initially perfused at low 

temperatures to restore cellular homeostasis under a protective hypothermic 

effect. Authors from the Netherlands analyzed 10 transplantations involving 

hypothermic oxygenated machine perfusion (HOPE) and 20 patients from 

the control group. The perfusion fluid was oxygenated by membrane 

oxygenators at a flow rate of 500 mL/min of 100% oxygen, and the partial 

pressure was at least 450 mm Hg. [31]. The authors selected secondary 

endpoints: a 1-year graft survival, the technical safety of MP, microbiology 

testing of perfusion fluid, and serum markers of damage and hepatobiliary 

system function. Peak serum ALT levels at 1 week were lower in recipients 

of oxygen-preserved livers than in the control group. There were no 

significant differences in function, hospital length of stay, or postoperative 

complications. According to the results of the above study, the oxygenated 

MP is stated by the authors as a safe and feasible procedure that provides 

better preservation of liver grafts and leads to a decrease in ischemia-

reperfusion injury and to the improvement of early graft function [32]. 

Another study led by M. Ravaioli showed how much the oxygenated HMP 

was effective and safe for both liver and kidney transplants. According to 

this technique, perfusion was undertaken in two stages: the first was washing 

with an oxygenated solution for 30–40 minutes, the second was recirculation 



 

before implantation. A multicenter randomized clinical trial (RCT) is 

currently being conducted to study the properties and benefits of 

preimplantation MP after static hypothermic perfusion. But in the absence of 

other RCTs, the exact oxygen content necessary and sufficient for graft 

preservation still remains unknown [33, 34]. 

 

Subnormothermic machine perfusion 

When the temperature of graft storage and transportation is within the 

range from +15º–+30º C, there is reliably no potential risk of damage 

associated with hypothermia, nor with the temperature changes during 

reperfusion after explantation. This hypothesis arose back in the 1990s, 

L. Brazil and his colleagues studied the preservation of canine kidney grafts 

at temperatures close to physiological ones. At a temperature of +32º C and 

a pressure of 35 mm Hg, the grafts were preserved for 4 to 7 hours, after 

which they were reimplanted. There was no rejection, and the renal function 

was preserved [36]. The authors considered subnormothermic perfusion to 

be a possible alternative to hypothermic preservation; however, clinical 

studies including humans have not yet been conducted to confirm this 

hypothesis so it is not yet possible to judge the feasibility and efficacy of this 

method. In 2014, D.P. Hoyer et al. investigated SMP in a porcine model. 

After 30 minutes of warm ischemia, renal grafts were procured and 

subjected to 7 hours of static cold preservation, oxygenated HMP or SMP. 

The perfusion pressure was 30 mm Hg for HMP, 40 mmHg for SMP. 

Evaluation using reperfusion device with blood perfusion showed 

significantly higher blood flow, urine output, and improved creatinine 

clearance for SMP-preserved grafts with higher structural integrity. In 

addition to standard technology, there is SMP with controlled oxygenated 



 

rewarming [34]. This technique implies a gradual temperature increase over 

several hours with simultaneous oxygenated perfusion. A study conducted 

on laboratory animals showed better results when using SMP including 

controlled oxygenated rewarming compared to a standard SMP. The issues 

of the rate, and the temperature level increase remain unspecified, though 

there were pilot studies conducted on laboratory rat models, aimed to 

elucidate these issues. The authors found that rewarming above 20ºC gave 

no additional therapeutic effect, but there is still a need for further studies in 

larger size animals. 

 

Normothermic machine perfusion 

Continuous normothermic perfusion is performed at the temperature 

in the range from 35º C to 38º C, providing the graft with nutrients and 

oxygen. This technique has found its clinical application, although not as 

widespread as the previously described temperature regimes. NMP was first 

used in Spain for organs from non-heart-beating donors as a measure to 

prevent warm ischemic injury. The first study of NMP-treated liver 

transplantation was published by R. Rawikumar et al. in 2016 [33, 34]. The 

authors reported the safety and feasibility of this temperature regime as it 

allowed successful preservation of livers that would not have tolerated 

hypothermic preservation. The result was presented in a group of 20 patients 

and showed no significant differences from static cold storage. NMP implies 

the restoration of normal cellular processes while facilitating the assessment 

of viability. The obvious advantage of this particular method is based on the 

concept of preventing long periods of cooling that can cause cell damage. In 

the reported series of 6 patients who received liver grafts treated with NMP 

before implantation, no complications were observed and a significant 



 

reduction in early allograft dysfunction was found compared to a control 

group in the study. Organ controlled rewarming may improve functional and 

structural integrity upon transplantation, likely by preserving cell membrane 

integrity and replenishing adenosine triphosphoric acid (ATP) stores. The 

role of ATP in liver graft survival has already been repeatedly proven by the 

presence of a correlation between a favourable transplant outcome and ATP 

levels. Another advantage of NMP is the possibility of testing the graft 

viability in a physiological environment and temperature. However, the basis 

for the positive effect of this technique still needs to be studied both on 

expanded criteria donor organs, and also on optimal grafts. 

 

Discussion 

The shortage of donor organs leads to the increased interest and search 

for the most suitable modality of preservation and transportation. The 

method of static hypothermic perfusion, which demonstrates stable results, 

prevails everywhere. Nevertheless, preservation of grafts using MP has a 

number of advantages over static cold preservation. The classic way to 

preserve the donor graft is a hypothermic state. At low temperatures, all vital 

processes slow down, which allows one to increase the time from 

explantation of the organ to its implantation. Since the origin of 

transplantation, the static cold preservation has been widely used and is still 

the most common method; however, MP has a number of advantages over 

this technique. Initially, MP was invented for a long-term organ preservation 

ex-vivo; later on it was forgotten for a short time, and in the recent years this 

technique has again attracted interest of the transplant community. Machine-

assisted graft perfusion has been reimplemented into clinical practice, 

mainly for organs from non-heart-beating donors to prevent and predict 



 

ischemic injury [35]. Despite the fact that the metabolic activity of the organ 

slows down under conditions of preservation, its vital activity does not stop 

completely; this leads to the need for an oxygen flow. Oxygenated 

hypothermic perfusion preserves the organ, additionally supporting its 

aerobic metabolism, which optimizes the preservation process [36]. The 

studies of HMP have found that the oxygen-supplemented perfusion, 

particularly, immediately before organ implantation to the recipient, 

improves the organ function and increases protection against injury in liver 

and kidney grafts. Namely, 1–2 hours of MP after static cold storage restores 

lost functions and prevents the development or replaces already formed areas 

of ischemic damage. Unanswered questions concerning oxygen perfusion 

still remain, but they may be answered by future clinical studies [37]. 

A rather interesting concept of preventing cold damage to the graft is 

reflected in the normothermic and subnormothermic MP modes [38]. 

However, these temperature regimes of perfusion showed the results not so 

impressive as the hypothermic one. The SMP technique with controlled 

oxygen rewarming is of interest from the transplant community, but there is 

not enough research on this topic to form a definite opinion. 

The vast majority of clinical studies are retrospective evaluations of 

new preservation techniques, largely demonstrating their feasibility. 

Therefore, it is difficult to draw appropriate conclusions. Only one RCT was 

completed in 2018 [1]. In that study, the authors compared normothermic 

machine liver preservation with conventional cold storage and selected a 

peak AST level as the primary endpoint, which, however, is an ambiguous 

and non-exhaustive indicator of liver injury after transplantation. 

 

 



 

Conclusion 

This review summarizes the results of preclinical (animal models) and 

clinical studies and highlights advances in the field of ex vivo machine 

perfusion, with an emphasis on hypothermic machine perfusion and oxygen-

supplemented hypothermic machine perfusion, subnormothermic machine 

perfusion, and normothermic machine perfusion. The review provides an up-

to-date overview of the current published literature on the state of the art of 

machine perfusion and the preferred methods of its implementation. Various 

preservation strategies were compared to choose the most effective for the 

improvement of suboptimal grafts. Most authors agree that machine 

perfusion can reduce the risks of an early graft rejection and ischemia, as 

well as to diagnose damage and dysfunction at an early stage before organ 

implantation. Assessment of graft viability during hypothermic machine 

perfusion has been insufficiently studied, and data from large clinical trials 

are needed to determine its value as a tool for predicting transplant outcome. 

There are also debates about the need for active oxygenation, such as 

that with an oxygenator in hypothermic conditions, although the ideal 

oxygen content is unknown. 

Thus, the main purpose of machine perfusion is the graft evaluation 

and rehabilitation before surgery, giving the chance to improve the 

functional and structural integrity of organs, and, as a result, to increase the 

availability of transplantation. It is believed that the benefits of machine 

perfusion lie in the removal of toxic products and the supply of energy 

substrates. However, the optimal conditions for machine perfusion, such as 

temperature, perfusate solution, circuit characteristics and timing, are 

unknown. For this reason, further study of dynamic preservation methods is 

necessary. The optimal perfusion system still remains an unresolved 



 

question that needs to be answered by future clinical studies. It seems likely 

that existing preservation technologies will need to be improved to meet the 

needs of the developing field of graft preservation and conditioning. 
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