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Machine perfusion (MP) is rapidly emerging as an alternative to static cold storage in transplantation, providing notable benefits in graft preservation and repair. To better understand the current landscape of machine perfusion in Germany, we conducted a survey among all 39 liver and kidney transplant centers. A total of 22 centers (56%) responded, with 63% (14/22) reporting to have an active MP program. Liver transplantation programs utilize both hypothermic and normothermic perfusion, whereas perfusion strategies in kidney transplantation remain largely limited to hypothermic techniques. Most liver centers (57%; 8/14) apply MP selectively to marginal grafts. 43% (6/14) use it routinely for all accepted organs. Respondents reported an average 10% increase in organ utilization rates attributed to MP. While the clinical benefits of MP are widely acknowledged, key challenges persist, particularly regarding limited funding and insufficient clinical- and research infrastructure. The existing MP programs were predominantly financed through internal funding and only 33% (5/15) had a dedicated perfusion team. Current research in MP focus on viability assessment, objective graft evaluation criteria, organ repair, and strategies to expand the donor pool. Despite promising outcomes and increasing adoption, Germany needs a clear funding framework to fully integrate MP into routine clinical practice.
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INTRODUCTION
Organ transplantation of livers and kidneys is still considered the best and most cost-effective treatment option for end-stage organ failure [1]. The worldwide organ shortage continues to lead to high waiting list mortality rates [2]. Due to the growing discrepancy between supply and demand, the transplantation society worldwide is faced with the dilemma of accepting high risk grafts to enlarge the donor pool without jeopardizing the outcome of recipients [3]. In the context of an ageing population, both the donor and recipient demographics in transplantation are shifting. Increasing life expectancy and the rising prevalence of age-associated comorbidities result in a growing proportion of elderly patients on waiting lists, while organ donation is increasingly sourced from older donors, too. These donors are often with comorbid conditions such as hypertension, diabetes, or hepatic steatosis increasing the rate of extended criteria donor (ECD) grafts [4, 5]. These grafts are vulnerable to ischemia–reperfusion injury (IRI) resulting in inferior long-term outcomes if preserved by static cold storage alone [6, 7].
Therefore, dynamic preservation strategies are continuously replacing static cold storage (SCS). Machine perfusion strategies offer the opportunity to repair, evaluate, and optimize organs prior to transplantation (Figure 1) [8]. As recently shown dynamic perfusion treatment even appears to attenuate the risks of transplanting elderly DBD livers and is linked to favorable long-term survival in ageing recipients [9]. Different modalities exist, with varying levels of evidence supporting their use in liver and kidney transplantation. In Europe, two machine perfusion techniques are currently most employed: hypothermic (oxygenated) perfusion (HMP, HOPE or D-HOPE) and normothermic machine perfusion (NMP). In HMP/HOPE, the organ is perfused at 8 °C–12 °C with an oxygenated or non-oxygenated acellular perfusion solution. In contrast in NMP the organ is kept at physiological temperature (37 °C) using an oxygenated, blood-based perfusate [10]. A combination of both approaches can be used, e.g., for controlled rewarming and viability assessment before transplantation [11].
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In liver transplantation, the evidence supporting hypothermic oxygenated machine perfusion (HOPE) as a superior preservation technique compared to static cold storage (SCS) is compelling [12]. Oxygenated hypothermic machine perfusion reduces ischemic-reperfusion injury through controlled hypothermic oxygen delivery. Rapid reperfusion of an organ usually leads to the release of toxic metabolites that accumulate in the mitochondria during the ischemia period. HOPE can counteract this effect by increasing ATP levels in the mitochondria and dialyzing toxic metabolites [13]. In contrast, NMP extends the concept of organ preservation under near-physiological conditions. NMP appears to enhance the utilization of grafts that might otherwise be discarded under SCS, likely due to the opportunity it offers for functional assessment of the organ [7, 14].
Machine Perfusion in Kidney Transplantation
In the field of kidney transplantation, RCTs show superiority of hypothermic perfusion over SCS in terms of DGF in DCD and ECD-DBD grafts [15]. Preclinical studies in rodent models by Kron et al. have provided mechanistic insights into the protective effects of hypothermic perfusion. In kidney grafts, HOPE resulted in improved functional parameters compared to static cold storage. On the cellular level, perfused kidneys exhibited reduced nuclear damage, diminished activation of macrophages and endothelial cells, and attenuated rejection responses. These findings suggest that dynamic hypothermic preservation may confer immunomodulatory and cytoprotective effects that improve graft quality [13, 16, 17]. The clinical benefit of NMP in kidney transplantation remains unclear and has only been marginally investigated to date. An RCT from 2023 with 338 included patients did not show a significantly lower rate of DGF compared to SCS [18]. Overall, the available evidence supports the use of hypothermic machine perfusion as a superior preservation strategy for marginal kidney grafts.
Machine Perfusion in Germany
Despite robust evidence supporting machine perfusion in liver and kidney, its clinical implementation in Germany is still evolving compared to several neighboring European countries. A well-known shortcoming is the lacking of DCD transplantation in Germany but the most recent German transplantation guidelines recommend the use of MP for marginal organs, reflecting growing recognition of its value, although it has not yet been established as routine clinical practice [19, 20]. A notable upcoming development is the nationwide implementation of hypothermic machine perfusion for all extended criteria donor (ECD) kidney grafts in Germany, using a portable perfusion device. This program, scheduled to begin in January 2026, is expected to significantly increase clinical utilization rates.
Here, we conducted a nationwide survey among German transplant centers to further understand the main obstacles preventing a routine implementation of machine perfusion in liver and kidney transplantation in Germany while considering the growing percentage of ECD grafts, e.g., grafts from octogenarians.
MATERIALS AND METHODS
An online survey on machine perfusion in liver and kidney transplantation in Germany was conducted between April 8, 2025 and April 25, 2025. For this purpose, all 39 German liver and kidney transplant centers were contacted via E-mail. A reminder E-mail was sent 1 week later to further increase the participation rate. The anonymous online survey contained 50 questions and was conducted using the survey platform surveymonkey.com. The questions covered center structure, clinical application of MP in liver and kidney, indications, as well as ongoing research projects on MP. In addition to multiple choice questions, free text responses were also included. The survey was approved on March 20, 2025 (project no. 026/2025BO2) by the Ethics Committee of the Medical Faculty of the University of Tübingen. The statistical analysis is descriptive. Continuous variables were summarized using medians and averages, while categorical data were described using counts and percentages. Percentages were rounded to the nearest whole number.
RESULTS
Transplant Center Characteristics
22/39 (56%) of the centers contacted took part in the online survey, of which 15/19 (79%) were liver transplantation centers and 22/37 (60%) were kidney transplantation centers. 15/22 transplant centers surveyed transplanted both livers and kidneys. Of the 22 kidney centers, four centers transplanted kidneys and pancreas and three clinics only kidneys. On average, 44 liver transplants are performed per center and year with the highest reported number of 75 transplants/year. The average for kidney transplants was 57 among the 22 centers surveyed, ranging from 29 to 130 operations per year. Pediatric transplants were performed by 12/22 centers (55%). Transplants with living kidney donations were performed by 21/22 (95%) centers included, 10/15 (67%) liver centers reported transplants with living liver donations Table 1.
TABLE 1 | Center structure, funding, and research.	How many liver transplant centers?	15	
	How many kidney transplant centers?	22	7 of them perform only kidney +/- pancreas
	Average number of liver transplants per year	44	
	Average number of kidney transplants per year	57	
	Are living donor transplantations performed?
	 Living donor liver	10/15 (67%)	
	 Living donor kidney	21/22 (95%)	
	Are pediatric transplantations performed?
	 Yes	12/22 (55%)	
	 No	10/22 (45%)	
	Do you have a machine perfusion (MP) program?
	 Yes	14/22 (63%)	
	 No	7/22 (32%)	All of them kidney-only centers
	 No, but planned	1/22 (5%)	
	What type of perfusion do you use?
	 NMP	3/15 (20%)	
	 HMP/HOPE	7/15 (47%)	
	 Both, depending on indication	5/15 (33%)	
	Do you have a dedicated perfusion team?
	 Yes (≥3 members)	5/15 (33%)	100% physician-led
	 No	10/15 (67%)	
	How is the MP program funded? (Multiple answers possible)
	 Hospital funds	14/14 (100%)	
	 Research grants	6/14 (43%)	
	 Other	1/14 (7%)	Study funding
	What is the greatest barrier to establishing an MP program?
	 Cost	10/20 (50%)	
	 Personnel demand	7/20 (35%)	
	 Lack of evidence	2/20 (10%)	
	 Lack of expertise	1/20 (5%)	
	Is there an MP research group?
	 Yes	11/19 (58%)	
	 No	8/19 (42%)	
	What are your research objectives? (Multiple answers possible)
	 Expansion of donor pool	14/16 (87%)	
	 Ex-vivo organ repair	15/16 (93%)	
	 Organ enhancement	15/16 (93%)	
	 OR team relief	6/16 (38%)	


Machine Perfusion Characteristics
14/22 (63%) of the clinics surveyed have an established MP program. All centers that perform liver transplants stated that they already perform machine perfusion or plan to do so in the future. Of the seven centers that only transplant kidney (+/- pancreas), none of them had an established perfusion program. 11/13 (85%) of the programs were established between 2020 and 2024. Only 5/15 (33%) of centers reported having a perfusion team with ≥3 employees. The majority of clinics surveyed stated that they perfuse hypothermic (7/15; 47%). 3/15 (20%) of respondents stated a preference for normothermic perfusion, while 5/15 (33%) of the centers used both approaches depending on the indication. All respondents financed their perfusion via internal hospital funds. 7/14 (50%) used research and study funds. The majority of respondents (10/20; 50%) saw costs as the biggest barrier to use, followed by personnel demand (7/20; 35%). 2/20 centers (10%) cited the lack of evidence as the main barrier. 9/14 (64%) stated an increase of organ utilization due to machine perfusion. The average, self-reported increase in organ utilization since the introduction of an MP program was estimated 5%–30%. 12/14 (86%) of respondents stated that they perform transplants at off-peak times despite machine perfusion. The promotion of young surgeons through MP was denied by 10/14 (71%) of respondents. 1/14 (7%) MP programs stated that they had rejected an organ due to technical problems occurring during MP. All respondents stated that they see a clear advantage for German transplant programs in MP (Table 2). The main focus of the respondents in MP research was in the fields of organ improvement and expansion of the donor pool. 11/19 (58%) transplant centers had a research group further investigating MP.
TABLE 2 | Indication, rejection rate and organ utilization with MP.	Does MP provide an advantage in transplantation?
	 Yes, always	11/14 (79%)
	 Yes, but only for ECD organs	3/14 (21%)
	 No	0/13 (0%)
	Has MP led to increased organ utilization?
	 Yes	9/14 (64%)
	 No	5/14 (36%)
	If yes, by how much?
	 0%–10%	8/13 (62%)
	 11%–20%	3/13 (23%)
	 >20%	2/13 (15%)
	Are transplantations performed at other times due to MP?
	 Yes	2/14 (14%)
	 No	12/14 (86%)
	Does MP support the training of young surgeons?
	 Yes	4/14 (29%)
	 No	10/14 (71%)
	Has an organ been declined after MP for technical reasons?
	 Yes	1/14 (7%)
	 No	13/14 (93%)


Use of Machine Perfusion in Liver Transplantation
Among the 14 liver centers surveyed, 792 liver transplants were performed using machine perfusion in the last 5 years in Germany. Almost all of the liver centers participating stated that they had an MP program. Only one center was currently planning an MP program. 9/14 (64%) of the centers used HOPE and 11/14 (79%) perfused between 2 and 4 h. While only a few centers (3/14; 21%) performed viability testing during HOPE, lactate clearance (9/10; 90%) and bile production (6/10; 60%) were considered valid viability criteria for NMP. While there was agreement on the advantages of MP, there was disagreement on the indication for MP. When asked about the indication for liver MP, 6/14 (43%) of liver centers stated that they perfuse all accepted organs, while 8/14 (57%) primarily perfused marginal organs (Table 3).
TABLE 3 | Clinical use of MP in liver and kidney transplantation.	Questions	Liver transplant	Kidney transplant
	How high is your rejection rate after organ allocation?		
	0%–15%	5/12 (42%)	9/10 (90%)
	16%–30%	4/12 (33%)	0/10 (0%)
	>30%	3/12 (25%)	1/10 (10%)
	Average	25%	11%
	What is the most frequent reason for non-transplantation?
	 Liver Macroscopy	7/14 (50%)	-
	 Steatosis in biopsy	7/14 (50%)	-
	 Kidney Macroscopy	-	5/9 (56%)
	 Suboptimal graft perfusion	-	3/9 (33%)
	Other	-	1/9 (11%)
	Which type of MP is used?
	 HMP/HOPE	9/14 (64%)	6/7 (86%)
	 NMP	3/14 (21%)	0/7 (0%)
	 HMP/HOPE and NMP equally	2/14 (14%)	1/7 (14%)
	 HMP/HOPE and NMP sequentially	0/14 (0%)	0/7 (0%)
	 Dual perfusion	5/14 (36%)	-
	 Portal only	7/14 (50%)	-
	 Dual und portal equally	2/14 (14%)	-
	How many hours of perfusion?
	 1–2 h	-	1/5 (20%)
	 2–4 h	11/14 (79%)	2/5 (40%)
	 >4 h	3/14 (21%)	2/5 (40%)
	Viability assessment during HOPE?
	 No	11/14 (79%)	4/5 (80%)
	 Yes	3/14 (21%)	1/5 (20%)
	Viability criteria for NMP? (Multiple answers possible)
	 Lactate clearance	9/10 (90%)	-
	 pH >7,30	5/10 (50%)	-
	 Bile production	6/10 (60%)	-
	 Bile pH >7,45	3/10 (30%)	-
	 Glucose metabolism	4/10 (40%)	-
	 Urine production	-	2/4 (50%)
	 Kidney resistance	-	3/4 (75%)
	 Base excess in blood gas analysis	-	2/4 (50%)
	Indications for MP? (Multiple answers possible)
	 ECD organs	8/14 (57%)	6/7 (86%)
	 Expected long ischemia time	7/14 (50%)	4/7 (57%)
	 Donor age >65	5/14 (36%)	1/7 (14%)
	 All transplantable organs perfused	6/14 (43%)	0/6 (0%)
	Advantages of MP? (Multiple answers possible)
	 Organ protection	13/14 (93%)	6/8 (75%)
	 Reduced reperfusion injury	14/14 (100%)	7/8 (88%)
	 Extended monitoring	6/14 (43%)	3/8 (38%)
	 Logistics	7/14 (50%)	-
	How many organs have been perfused in the last 5 years?
	 0–50	8/14 (57%)	9/9 (100%)
	 51–100	5/14 (36%)	-
	 >100	1/14 (7%)	-
	 Total	792	47


Use of Machine Perfusion in Kidney Transplantation
41% (9/22) of the kidney centers surveyed stated that they had performed kidney perfusion in the last 5 years. All 9 centers also transplanted livers at their center. All 7 centers surveyed that solely transplant kidneys (kidney only) stated that they do not have an MP program. Thus, the total number of perfused kidneys among the respondents in the last 5 years is 47. 6/7 (86%) prefer hypothermic perfusion for kidney transplantation. For 6/7 (86%), the main indication for perfusion was ECD organs. 7/8 (88%) saw an advantage of MP in terms of reduced reperfusion damage (Table 3).
DISCUSSION
Our survey revealed a heterogeneous yet increasingly structured implementation of machine perfusion across German transplant centers. While 63% of centers reported having an established MP program, its use remains predominantly limited to liver transplant centers, with kidney-only centers rarely engaging in MP. Hypothermic (oxygenated) perfusion is the most applied modality for both liver and kidney grafts. In liver transplantation, most centers use HOPE for marginal organs, while normothermic perfusion is used selectively in cases with the need for viability testing, with lactate clearance and bile production cited as the most relevant functional markers. In kidney transplantation, the overall use of MP remains low, and is primarily reserved for extended criteria donor (ECD) grafts. Barriers to implementation include cost, personnel demands, and lack of dedicated perfusion teams. Despite these challenges, nearly all respondents recognized the potential of MP to improve organ utilization rates and the expansion of the donor pool. Self-reported organ utilization rate averaged 5%–30%, with 9/14 (64%) centers stating an increase of its department utilization rate due to machine perfusion. Despite existing infrastructure and a generally high level of motivation for implementation, the actual organ perfusion activity in Germany remains limited. According to self-reported estimates, only 792 liver grafts and 47 kidney grafts were perfused across all participating centers over the past 5 years. With a total number of 3910 DBD liver transplants (2020–2024, DSO data) according to the German Organ Procurement Organization (DSO), one fifth of the livers are currently perfused. The situation is different in the field of kidney transplantation. Organ perfusion only plays a role in centers that also have a liver transplant program. The respondents from the “kidney-only centers” denied the use of machine perfusion for transplantation. Out of 7364 DBD kidney transplants in Germany from 2020 to 2024 (DSO data) only 47 kidneys were perfused in the last 5 years (0.6%) [21].
Biggest Barriers - Costs and Personnel Demands
Healthcare costs represent a critical factor influencing clinical decision-making and the adoption of new technologies in medical practice. A major barrier to the widespread implementation of machine perfusion is the associated cost and personnel demand. The devices, including disposables and setup, relate to substantial expenses, often amounting to several tens of thousands of euros per case. Furthermore, perfusion requires dedicated personnel to prepare, monitor, and manage the system throughout the procedure. Hypothermic perfusion of the liver is reported to create approximately 5000€ more cost than SCS/case [19, 22]. Normothermic liver perfusion is estimated at 15,000 USD/case according to Raigani et al. [23]. These logistical and financial challenges greatly diminish the feasibility of routinely implementing such technologies, especially in centers with limited resources, staffing shortages, and no reimbursement framework in place by the health insurance system in Germany. Hypothermic machine perfusion of kidney grafts has been shown to be cost-effective already. An economic evaluation of a multicenter RCT comparing machine perfusion with static cold storage mainly in the Netherlands demonstrated that MP is both cost-effective and clinically superior across deceased donor kidney transplants, particularly in extended criteria donors. MP was associated with lower first-year costs, higher graft function rates, and improved long-term survival [24].
Similar cost-saving effects have been observed in DCD liver transplantation. Over the first post-transplant year, perfused grafts were associated with a 12.2% reduction in overall costs, primarily due to shorter ICU stays and reduced complication rates. When accounting for the additional expenses of the perfusionist and machine, cost savings were still evident and estimated to offset the investment at a volume of approximately 25–30 liver transplants per year [25]. The German RCT by Czigany et. al. from 2021 showed a reduced intensive care and hospital stay compared to SCS, as well as lower complication rates following livers being perfused [19]. The existing evidence clearly indicates that the costs per perfusion are cross covered by a better outcome and faster patient recovery. Furthermore, the higher utilization rate of organs, may lead to an expansion of the donor pool and reduction of waiting list time as well as reduction of waiting list mortality. Existing evidence supports the hypothesis that earlier transplantations can reduce costs [23, 26].
A detailed cost analysis from Germany to further investigate this highly relevant topic has to follow. If there is sufficient evidence, costs must be covered by the local health insurance systems to achieve broader implementation of machine perfusion with its advantages in Germany. The broader use in the Netherlands, for example, can be explained by the financial coverage of perfusion approaches in DCD organs by state institutions [26]. In this survey, it is particularly clear that smaller programs (kidney transplantation only centers, low organ transplantation rates) do not have perfusion programs. This is certainly due to the potentially connected high costs and personnel requirements. To illustrate the financial burden, an overview of perfusion costs from our department, collected by the controlling unit of the University Hospital Tübingen, is presented in Figure 2. Machine perfusion generates additional costs of 9,106 € per liver and 6726 € per kidney, which are solely covered by internal hospital funding.
[image: Two donut charts compare the costs of liver and kidney machine perfusion. For liver perfusion, costs total nine thousand one hundred six euros, with perfusion kit at eight thousand three hundred thirty euros, solution at five hundred fifty-three euros, and perfusionist at two hundred twenty-three euros. For kidney perfusion, costs total six thousand seven hundred twenty-six euros, with perfusion kit at five thousand nine hundred fifty euros, solution at five hundred fifty-three euros, and perfusionist at two hundred twenty-three euros. Each section is color-coded: blue for perfusion kit, red for solution, and green for perfusionist.]FIGURE 2 | Average costs (EUR) per case for hypothermic liver or kidney machine perfusion at the Surgical Department, University Hospital Tübingen. Cost data are collected by our internal controlling department. Perfusion costs are currently not reimbursed by the German health insurance system and are solely covered by internal hospital funding. (created in BioRender. Ibrahim, https://BioRender.com/lv1soun).The lack of personnel was also frequently cited as a major barrier for broader implementation in the survey. Unlike simple cold storage, machine perfusion requires trained staff. Most centers lack a dedicated perfusion team, as reflected in the survey results. Consequently, transplant surgeons or medical students are often assigned to operate the perfusion devices. It is of utmost importance to create and implement a structured organ perfusionist curriculum in clinical routine like in the field of cardiovascular surgery. In 2022, the first educational program for organ perfusionists was launched in the Netherlands, offering structured training that includes lectures on organ physiology and hands-on practice with perfusing livers, kidneys, hearts, and lungs [27].
The image of the well-rested transplant surgeon is often associated with dynamic organ preservation. In addition to improved organ preservation, machine perfusion is intended to make transplantation an “semi-elective”, schedulable, less time-critical operation. In this way, operations might to be carried out during daytime. Furthermore, the broader implementation of machine perfusion strategies may facilitate the training of the next-generation of transplant surgeons. So far, this is not the reality in Germany. According to the survey, organ transplants are neither transferred to the elective program, nor are younger colleagues trained more often because of MP. On the contrary, due to the higher personnel demand and the scarcity of perfusion teams, there is presumably a higher pressure on the team involved in transplantation with all the logistics.
Evidence Follows Clinical Implementation - Indication and Viability in Machine Perfusion
For the successful implementation of novel technologies in clinical practice, clear guidelines, robust evidence from randomized controlled trials, and support from national reimbursement frameworks and industry partners are essential [28]. Our survey highlights that significant uncertainty remains regarding viability assessment and the clinical indications for perfusion in both liver and kidney transplantation.
To date, six randomized controlled trials (RCTs) on hypothermic oxygenated perfusion (HOPE) and four RCTs on normothermic machine perfusion (NMP) in liver transplantation have been published. A recent meta-analysis by Patrono et al., which also included five cohort studies, demonstrated that HOPE is associated with a reduced incidence of ischemic cholangiopathy (IC) and improved graft survival in both DBD and controlled DCD liver transplantation [12]. In contrast, NMP did not show significant improvements in either IC or graft survival. The first RCT on NMP, conducted by Nasralla et al., reported a significant reduction in peak AST levels within the first seven postoperative days and a lower organ discard rate, though IC and graft survival rates were comparable to those with static cold storage [14]. Two subsequent RCTs reported similar findings [29, 30]. Notably, the only RCT to demonstrate a significant reduction in early allograft dysfunction (EAD) following NMP was the study by Markmann et al. [31]. Supporting this, a subgroup analysis by Chapman et al. showed lower EAD rates in DCD liver grafts preserved with NMP [30]. To date, no randomized controlled trials have directly compared normothermic machine perfusion (NMP) and hypothermic oxygenated perfusion (HOPE), which poses a significant limitation for the development of national guidelines and the establishment of standardized clinical protocols [27].
Sequential perfusion, combining hypothermic oxygenated perfusion (HOPE) followed by normothermic machine perfusion (NMP), has been explored by groups in Groningen and Cleveland to leverage both the protective effects of HOPE and the viability assessment capabilities of NMP. This approach has primarily been applied to organs with unfavorable donor profiles. While the technique is considered safe and technically feasible, its clinical benefit remains uncertain [32, 33].
In kidney transplantation, a recent meta-analysis including 22 RCTs by Tingle et al. demonstrated that hypothermic machine perfusion (HMP) significantly reduces the incidence of delayed graft function (DGF) and improves graft survival in both DCD and extended criteria DBD kidneys [15]. However, the use of DGF as a primary endpoint is subject to ongoing debates, as it does not necessarily correlate with poorer long-term outcomes [34]. Moreover, the impact of non-oxygenated HMP on other clinically relevant outcomes—including primary non-function (PNF), acute rejection, patient survival, hospital length of stay, long-term graft function, and duration of DGF—remains uncertain [15].
Guideline development should account for the fact that regulatory, ethical, and clinical practices surrounding organ procurement and transplantation vary significantly between countries. In Germany, where DCD transplantation is currently prohibited, the use of kidney perfusion remains limited. This is not surprising, given that most of the available evidence supporting machine perfusion pertains primarily to DCD grafts. Notably, the German Society of Nephrology has expressed strong reservations about implementing a nationwide perfusion program for ECD kidneys, citing the lack of prospective data supporting its benefit in DBD donors [35].
In addition to improved preservation, one of the key objectives of machine perfusion is to expand the donor pool by enabling the transplantation of organs that would otherwise be discarded. A central argument among proponents of machine perfusion is its potential for viability assessment. In our survey, transplant centers reported using various markers to assess viability [36]. Notably, most centers using hypothermic oxygenated perfusion (HOPE) did not perform viability assessment, whereas normothermic machine perfusion (NMP) was frequently used for this purpose. The most used biomarkers in NMP were lactate clearance (90%), pH-hemostasis parameters (50%), and bile production (60%) in liver perfusion, as well as vascular resistance and flow parameters (75%) in kidney perfusion.
In HOPE, the Zurich group identified flavin mononucleotide (FMN) as a promising biomarker for organ viability. FMN is released upon mitochondrial complex I injury and has shown a strong correlation with coagulation factors and peak transaminase levels after liver transplantation [37, 38]. FMN was recently validated in a normothermic machine perfusion (NMP) cohort, where elevated perfusate FMN levels (>1.75 μg/mL at 4 h) were independently associated with reduced graft survival and death-censored graft survival [39]. These findings support FMN as a robust viability marker in both HOPE and NMP settings.
During normothermic machine perfusion (NMP), the organ remains metabolically active, as it is perfused at physiological temperatures. The liver plays a key role in lactate clearance through hepatocellular oxidation and gluconeogenesis [36]. While several studies have shown an association between lactate metabolism and postoperative liver function, lactate alone is considered an unreliable marker of viability. Most livers are capable of clearing lactate during NMP, and even limited hepatic function may be sufficient to normalize lactate levels in the relatively small volume of perfusate used. Therefore, it is recommended to apply composite viability criteria that include additional markers such as perfusate pH, glucose levels, and transaminase concentrations, as reflected in most current NMP studies [40–43].
To date, there is no clinical consensus on which parameters or thresholds are most reliable for assessing viability. Identifying clinically relevant viability markers remains challenging, as organs deemed non-viable cannot be ethically transplanted for outcome validation. This ethical limitation, combined with the heterogeneity of perfusion protocols, including differences in temperature, duration, perfusate composition, oxygenation strategies, and additives such as bile salts, insulin, or bicarbonate, further complicates standardization and interpretation of viability data [36].
Future of Machine Perfusion in Europe - Guidelines and Perfusion Hubs
The use of machine perfusion in organ transplantation is expanding globally, with clinical implementation progressing rapidly across Europe, including Germany. Our survey revealed that 85% of MP programs were established between 2020 and 2024, highlighting MP as one of the most significant developments in the field of transplantation in recent years [28]. Consensus documents, such as the newly published ELITA guidelines, may facilitate harmonized implementation across European centers [44]. However, standardization is still hindered by a lack of multicenter randomized controlled trials, particularly those directly comparing HOPE and NMP in liver transplantation. Future efforts should focus on advancing preclinical and clinical research on viability assessment, which holds promise for expanding the donor pool, especially in liver transplantation. The development of centralized perfusion hubs for research, organ optimization, and viability testing could serve as a pan-European initiative to enhance perfusion-based organ preservation. Additionally, establishing national and international registries and implementing standardized perfusion protocols would improve comparability of outcomes and data quality [28]. Integrating composite viability scores with AI-based predictive models may further support clinical decision-making. Our survey provides insights into current challenges and priorities for MP implementation from a German perspective. Further surveys conducted across Europe and globally are essential to identify region-specific needs and facilitate targeted, context-sensitive strategies for successful integration of MP into clinical practice.
CONCLUSION
Both the donor pool and the recipient cohort are increasingly characterized by advanced age and multimorbidity with all its connected disadvantages [6]. Machine perfusion has demonstrated protective effects in elderly grafts by stabilizing mitochondrial function and reducing reperfusion injury, ultimately improving outcomes [13]. For a nationwide routine implementation, a reimbursement framework within the German health insurance system is urgently needed. This is of particular importance, as many other European countries have already implemented such structures, and robust evidence demonstrates the clinical benefit of machine perfusion.
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	Gso, N. Stellungnahme an die Bundesärztekammer zur Geplanten Richtlinienänderung für Die Wartelistenführung und Organvermittlung zur Nierentransplantation. Available online at: https://www.dgfn.eu/stellungnahmen-details/stellungnahme-richtlinienaenderung-wartelistenfuehrung-und-organvermittlung.html2024 (Accessed September 30, 2025).

	Brüggenwirth, IMA, van Leeuwen, OB, Porte, RJ, and Martins, PN. The Emerging Role of Viability Testing During Liver Machine Perfusion. Liver Transpl (2022) 28(5):876–86. doi:10.1002/lt.26092

	Muller, X, Schlegel, A, Kron, P, Eshmuminov, D, Würdinger, M, Meierhofer, D, et al. Novel Real-Time Prediction of Liver Graft Function During Hypothermic Oxygenated Machine Perfusion Before Liver Transplantation. Ann Surg (2019) 270(5):783–90. doi:10.1097/SLA.0000000000003513

	Eden, J, Thorne, AM, Bodewes, SB, Patrono, D, Roggio, D, Breuer, E, et al. Assessment of Liver Graft Quality During Hypothermic Oxygenated Perfusion: The First International Validation Study. J Hepatol (2025) 82(3):523–34. doi:10.1016/j.jhep.2024.08.030

	Wehrle, CJ, Satish, S, Dewey, E, Nadeem, MA, Sun, K, Jiao, C, et al. A New Era of Decision Making in Liver Transplantation: A Prospective Validation and Cost-Effectiveness Analysis of FMN-Guided Liver Viability Assessment During Normothermic Machine Perfusion. Ann Surg (2025) 282:479–93. doi:10.1097/SLA.0000000000006822

	Mergental, H, Laing, RW, Kirkham, AJ, Perera, M, Boteon, YL, Attard, J, et al. Transplantation of Discarded Livers Following Viability Testing with Normothermic Machine Perfusion. Nat Commun (2020) 11(1):2939. doi:10.1038/s41467-020-16251-3

	Zhang, Z, Ju, W, Tang, Y, Wang, L, Zhu, C, Gao, N, et al. First Preliminary Experience with Preservation of Liver Grafts from Extended-Criteria Donors by Normothermic Machine Perfusion in Asia. Ann Transpl (2020) 25:e921529. doi:10.12659/AOT.921529

	Pavel, MC, Reyner, E, Molina, V, Garcia, R, Ruiz, A, Roque, R, et al. Evolution Under Normothermic Machine Perfusion of Type 2 Donation After Cardiac Death Livers Discarded as Nontransplantable. J Surg Res (2019) 235:383–94. doi:10.1016/j.jss.2018.09.066

	Watson, CJE, Kosmoliaptsis, V, Randle, LV, Gimson, AE, Brais, R, Klinck, JR, et al. Normothermic Perfusion in the Assessment and Preservation of Declined Livers Before Transplantation: Hyperoxia and Vasoplegia-Important Lessons from the First 12 Cases. Transplantation (2017) 101(5):1084–98. doi:10.1097/TP.0000000000001661

	Hessheimer, AJ, Hartog, H, Marcon, F, Schlegel, A, Adam, R, Alwayn, I, et al. Deceased Donor Liver Utilisation and Assessment: Consensus Guidelines from the European Liver and Intestine Transplant Association. J Hepatol (2025) 82(6):1089–109. doi:10.1016/j.jhep.2025.01.042


Copyright © 2025 Ibrahim, Dechantsreiter, Müller, Finotti, Kowal, Ngjelina, Nadalin, Mihaljevic and Kron. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/ti-38-15681-g002.jpg
Liver Machine Perfusion Kidney Machine Perfusion

Perfusion Kit
W Perfusion Solution
* Perfusionist

Total perfusion costs: Total perfusion costs:

9106 € 6726 €






OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Machine Perfusion in an Ageing Population - Results From a German, National Survey Among Transplant Centers		INTRODUCTION		Machine Perfusion in Liver Transplantation

		Machine Perfusion in Kidney Transplantation

		Machine Perfusion in Germany





		MATERIALS AND METHODS

		RESULTS		Transplant Center Characteristics

		Machine Perfusion Characteristics

		Use of Machine Perfusion in Liver Transplantation

		Use of Machine Perfusion in Kidney Transplantation





		DISCUSSION		Biggest Barriers - Costs and Personnel Demands

		Evidence Follows Clinical Implementation - Indication and Viability in Machine Perfusion

		Future of Machine Perfusion in Europe - Guidelines and Perfusion Hubs





		CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		ACKNOWLEDGEMENTS

		FOOTNOTES

		REFERENCES









OPS/images/cover.jpg
(ESOT ( Transplant
International

Machine Perfusion in an Ageing
Population - Results From a
German, National Survey Among
Transplant Centers





OPS/images/ti-38-15681-g003.jpg
Machine perfusion in an ageing population - Results from a German, national
survey among transplant centers

Background Participants Methods Findings

High costs due

' to missing
reimbursement
‘ ’ framework
1 r HOPE
Machi fusi dominates
achine perfusion X . German liver
is evidence-based, | 22/39 German liver Online survey perfusion
yet its clinical and kidney about machine
adoption in transplant centers . perfusion_ No perfusion in
Germany lags implementation kidney-only
behind neighboring centers
countries.

Ibrahim M., et al. Transpl. Int. 2025
ESOT doi: 10.3389/ti.2025.15681 Transplant






OPS/images/ti-38-15681-g001.jpg
Challenges in Ageing and Transplantation

Rising number
of elderly
patients on
transplant
waiting lists

Enables
better
graft
utilisation

Older donors
are more
susceptible to
ischemia-
reperfusion
injury

Allows
assessment
and repair
of ECD
grafts

i
)

=c9:"‘
=0

Growing
share of ECD
donors in the

donor pool

Reduces

mitochondrial

injury and
reperfusion
damage

Higher
immunogenicity and
vulnerability of older

organs

Role of Machine Perfusion

Improves
graft survival
compared to

static cold
storage

wWw









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
é ESOT

( Transplant
International





