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Abstract

:

Waiting list mortality together, with limited availability of organs, are one of the major challenges in liver transplantation (LT). Especially in the paediatric population, another limiting factor is the scarcity of transplantable liver grafts due to additional concerns regarding graft size matching. In adults, donation after circulatory death (DCD) liver grafts have been used to expand the donor pool with satisfactory results. Although several studies suggest that DCD livers could also be used in paediatric recipients with good outcomes, their utilisation in children is still limited to a small number of reports. Novel organ perfusion strategies could be used to improve organ quality and help to increase the number of DCD grafts utilised for children. With the current manuscript, we present the available literature of LT using DCD grafts in paediatric recipients, discussing current challenges with the use of these livers in children and how machine perfusion technologies could be of impact in the future.
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1. Introduction


Liver transplantation (LT) is the only effective treatment for end-stage liver disease or fulminant liver failure. However, organ shortage is still one of the main challenges for the transplant community worldwide, especially in the paediatric population, where the disparity between the number of donors and recipients appears even higher compared to adults. In fact, paediatric recipients, and in particular small children, face a unique challenge in receiving organs due to the graft size mismatch [1]. In this context, it has been shown that up to 30% of organs were declined based on size mismatch [1]. In the United States (US), the mortality of paediatric recipients awaiting LT remains high, counting 1 in 10 infants and 1 in 20 older children [2].



In response to the increasing number of listed candidates and the growing demand for available grafts, donation after circulatory death (DCD) has been pursued during the last decades to recruit more organs, particularly in adult recipients. Indeed, in some countries, including Spain, the Netherlands and the UK, DCD transplantations are routinely performed and account for up to 40% of overall donations [3,4]. However, DCD livers are known to induce more complications, including primary non-function (PNF), acute kidney injury (AKI) and biliary complications [5]. Despite the frequent utilisation of DCD livers in adult recipients, their use in the paediatric population remains limited. Since the very first cases performed by Starzl et al. in 1968 [6], with further encouraging reports in the early 2000s [7], the experience with DCD grafts in paediatric recipients is controversial and the literature is limited to a few case reports and small series [8,9,10,11,12,13,14,15,16,17,18,19].



With this article, we provide an overview of the currently available literature in paediatric DCD liver transplantation and discuss future directions.




2. DCD Liver Transplantation: Definitions and Overview of Current Literature


The outcomes of a successful DCD transplantation, as opposed to donation after brain death (DBD), rely on particular events occurring during the whole process of organ retrieval. In most countries, controlled DCD Maastricht category III is the most frequent form of donation, where withdrawal of life-sustaining therapies (WLST) is planned in a controlled environment. After WLST, the donor warm ischemia time (dWIT) starts and subsequently the vital parameters drop until circulatory arrest. The no-touch period is variable between countries [20]. After confirmation of death, donor surgery is commenced and organs are retrieved. Defining dWIT is crucial as it has been shown to impact outcomes [5,21]. Recent guidelines developed from the International Liver Transplantation Society have summarised the definitions of dWIT: (1) total dWIT is defined as time from donor WLST to cold perfusion; (2) functional dWIT is defined as the timepoint where saturation (SpO2) drops below 70% and/or mean arterial blood pressure (MAP) drops below <50 mm Hg until the start of cold organ flush [22]. During the recent consensus conference in Venice, a new uniform definition for functional dWIT was introduced, corresponding to the guidelines practised in Spain, where this time starts at a saturation below 80% and a MAP below 60 mmHg [22]



In the early reports, DCD livers have been linked to inferior long-term outcomes when compared to DBD [23,24], related to donor risk, graft selection, management of recipients and additional ischemic damage caused by dWIT [25].



Despite the general classification of DCD livers as marginal, the overall survival of grafts and patients in adults have significantly improved over the past decades and appear now comparable to DBD livers, provided donor and recipient risk factors are limited [7].



DCD liver transplantation is a common practice in the Western world, mainly in the adult population. A recent report from the UNOS database showed a 10-fold lower utilisation of DCD livers in paediatric recipients compared to adults [10]. This is related to a more conservative approach in the donor selection for paediatric recipients with a need for optimal grafts. A recent study has shown interesting data regarding paediatric DCD liver procurement and utilisation [26], where the authors have analysed the Organ Procurement and Transplantation Network (OPTN) and data set contained US recipients undergoing transplantation of livers from DCD donors from 1993 to 2018. Some 17071 DCD liver donors were identified. Groups were divided into paediatric aged 0–12 years (n = 856, 5%) and adolescent aged 13–17 years (n = 757, 4.4%), which were compared to donors aged 18–40 years (n = 6504, 38.1%). Overall, there were 7293 (42.7%) livers recovered with a total of 5124 (30%) DCD livers transplanted. With a thorough analysis, they have demonstrated that paediatric DCD allografts were retrieved at a significantly lower rate (n = 234/856, 27.3%) compared to donors aged 18–40 (3664/6504, 56.3%), but once procured, these paediatric organs are transplanted at a similar rate to those from the 18–40-year-old cohort. Interestingly, the highest rate of recovery was recorded in the 13–17-year-old group (n = 486/757, 64.2%). The authors argued that this could be related to the misperception of poor outcomes when smaller organs are transplanted. However, they have shown that the 10-year relative risks for graft failure and patient death were similar between paediatric and adult DCD donors. The authors concluded that paediatric DCD liver grafts could be an underestimated source of viable organs.




3. Paediatric Liver Transplantation from Donation after Circulatory Death Donors: The US Experience


In the US, there were 57 cases described in three studies overall. Abt et al. analysed almost 5000 paediatric LT, performed between 1995 and 2005 and provided the first comprehensive report of DCD grafts in paediatric recipients [8]. Importantly, only 19 livers from the overall cohort of 4991 (0.4%) were DCDs transplanted in children. Most grafts (84.2%) were procured from donors younger than 18 years. The mean donor warm ischemia time (dWIT) was 11.6 min, and the mean cold ischemia time (CIT) was 8.1 h [8]. Of note, the exact definition of dWIT is not further mentioned in the manuscript. The authors reported three graft failures, including one PNF (5.3%) and two retransplantations (10.5%) in the DCD group, but the causes were not disclosed in the manuscript [8]. The overall results of DCD and DBD liver transplants were comparable. One-year graft survival in DCD and DBD grafts was 89.2% and 75.6%, respectively. Over the prolonged follow-up of 5 years, graft survival rates were 65.8% in DBD and 79.3% in DCD transplantation. The authors concluded that, despite the small numbers of DCD livers used for paediatric recipients with accurate selection the results were comparable to DBD livers (Table 1).



In 2014, authors from the University of California Los Angeles (UCLA) compared the outcomes of paediatric DCD liver recipients with primary DBD liver transplants in a single center matched analysis [9]. Recipients who received partial grafts or multiorgan transplants were excluded. The DCD selection criteria were strict, with donor age < 45 years, Body-Mass-Index (BMI) < 30 kg/m2, CIT < 8 h, donor hospital stay <5 days, serum transaminase levels less than twice the normal range and a total dWIT < 30 min. The median total dWIT and median CIT were 24 and 300 min, respectively. While most recipient characteristics were similar among the groups, the median paediatric end-stage liver disease (PELD) score was 19 points for the DCD group and 11 points in DBD recipients (p = 0.48). The most common indications were biliary atresia, acute liver failure, neonatal hepatitis and malignant neoplasms. Importantly, at a prolonged follow-up of 10-years, none of the grafts or patients was lost in both groups. The authors flushed the biliary tree during organ procurement with preservation solution and injected tissue plasminogen activator (TPA) into the donor hepatic artery during the back table procedure to decrease the rates of biliary complications. Additionally, no retransplantations or major complications, including vascular thrombosis, PNF or ischemic cholangiopathy (IC) were reported. However, one DCD and three DBD recipients experienced anastomotic biliary strictures. The authors explained their excellent outcomes with a strict donor selection, and a minimised CIT, which was kept as low as 300 min. Of note, the median PELD score of the DCD recipient was higher compared to the DBD group. This trend towards sicker recipients could have played a role in the DCD graft selection within the strict criteria identified by the authors, in order to minimise additional risk factors.



This growing experience with the utilisation of DCD liver grafts has been recently reported by other authors from the US [10]. Hwang et al. presented an update of the UNOS data on paediatric DCD LT between 1993 and 2017. The entire paediatric cohort of 11646 recipients included 57 (0.49%) transplantations with controlled DCD livers. Living donors were excluded from the analysis. Only three grafts were left lateral segments (5.26%), whereas 54 (94.74%) were whole grafts. Comparing the two cohorts of DCD and DBD livers, some risk parameters appeared different. In fact, DCD recipients were older (7.7 vs. 5.2 years) and with a significantly higher BMI (20.4 vs. 18.3 kg/m2), when compared to DBD recipients. Additionally, DCD recipients were more often on ventilatory support. The most common indications for transplantation were biliary atresia (21% in the DCD group, 28% in the DBD group) followed by acute hepatic necrosis (19% in the DCD group, 10% in the DBD group). There were no significant differences regarding donor parameters, including age, BMI or CIT. The graft survival was comparable in the two groups with similar rates of PNF (3.5% DCD vs. 4.2% DBD), vascular thrombosis (7% DCD vs. 4.4% DBD), biliary complications (0% DCD vs. 1.3% DBD) and acute rejection (3.5% DCD vs. 1.6% DBD). Interestingly, patient survival in the DCD group was superior compared to the DBD group (p < 0.05). The authors have further demonstrated a significantly better graft survival in paediatric DCD liver recipients compared to the adult DCD cohort (p < 0.05). Such findings were based on the selective donor acceptance in line with the paediatric recipients (Table 1).




4. Paediatric Liver Transplantation from Donation after Circulatory Death Donors: The European Experience


In Europe, there have been seven studies reporting a total of 25 cases. The first paediatric DCD liver transplantation was reported by Muiesan et al. in 2003 [11], from King’s College Hospital, UK. The authors retrieved a liver from a 27-year-old controlled DCD donor with the super-rapid technique [12]. The functional dWIT, defined as the interval between systolic blood pressure <50 mmHg and the time of aortic perfusion with cold preservation solution, was 21 min. The liver was reduced ex-situ obtaining a right-lobe auxiliary graft, which was implanted after performing an extended right hepatectomy in the recipient. The indication for this auxiliary transplantation with a DCD liver was an acute liver failure. The CIT was 8.8 h and the outcome was excellent after 2 months of follow-up.



Three years later, the same group reported a case series of seven paediatric transplants from controlled DCD Maastricht category III donors [13]. The functional dWIT was 14.6 min (range 11–18) and the CIT was kept below 8 h (mean CIT: 7.3 h, range 6.2–8.8). The graft types included four reduced and one left lateral segment (LLS), one left lobe and the above-mentioned extended auxiliary right graft (segments IV to VIII). At a mean follow-up of 20 months [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36], patient and graft survival rates were 100% [12]. The same group updated the case series in 2010, showing the outcomes of 14 children in total [13]. All DCD donors were in the controlled Maastricht III category, with a median fuctional dWIT of 15 min (IQR: 10–29 min) and a median CIT of 7 h (IQR: 5.5–8.4 h). The most common recipient diagnoses were extrahepatic biliary atresia, acute liver failure, factor VII deficiency, and neonatal sclerosing cholangitis. Four livers were whole organs, eight grafts were reduced (7 LLS and 1 left lobe), one liver was a formal LLS split and one was the previously mentioned auxiliary partial orthotopic graft. Some early post-operative complications were reported, which included pleural effusion (n = 2), sepsis (n = 2), wound infection (n = 1) and a frontal intracerebral haematoma following preoperative insertion of an intra-cranial pressure monitor. Long-term complications included ductopenic rejection in two recipients and sirolimus-related chronic hypoalbuminemia in one recipient. Remarkably, after a median follow-up of three years, the overall survival was 100% and there were no vascular or biliary complications [14]. The reasons for this success were attributed to the strict donor selection, with a short functional dWIT (kept <30 min), a short CIT (<8 h) and a rapid donor liver procurement with extensive flush of the biliary tree by an experienced team [27].



Subsequently, three reports from Birmingham, UK, showed the results of seven children transplanted with DCD livers. In their first series presented in 2009, two DCD grafts were reduced for two children with acute liver failure, at the age of 10 weeks and 6 years. Both patients had a good recovery. However, the first recipient experienced mild cholestasis after 6 months, whereas the second was affected by multiple intra-hepatic strictures three years after transplantation [15]. Consequently, the same group described four additional cases, where graft and patient survival, with a mean follow-up of 19 months, was 100%. One child was treated for two episodes of acute rejection and two children developed mild ischemic cholangiopathy, treated conservatively [16]. In 2012, a neonate with acute liver failure due to hemochromatosis was transplanted with an ABO-incompatible reduced-size DCD graft [17]. The authors explained the success of this transplant case with the strict donor selection and limitation of functional dWIT and CIT to less than 30 min and <8 h [17].



In 2017, a study from the Netherlands [18] described the long-term outcome after transplantation of 20 livers, procured from controlled paediatric DCD donors. Three grafts (15%) were transplanted in paediatric recipients. Unfortunately, all three paediatric DCD recipients were lost due to vascular complications. Two recipients developed a hepatic artery thrombosis and one had a portal vein thrombosis. Of note, the donor risk was higher with longer functional dWIT (24 min) and CIT (8 h) when compared to the British and American series presented earlier [9,10,11,13].




5. Paediatric Liver Transplantation from Donation after Circulatory Death Donors: The Chinese Experience


Lately, a case series has been published by authors from China [19]. Five children affected by progressive familial intrahepatic cholestasis underwent LT, four received a whole DCD graft and one a DBD liver. The CIT ranged from 370 to 550 min with a very short dWIT of 5 min, where the type of dWIT was not further specified. One of the DCD recipients developed an ischemic cholangiopathy with the clinical picture of recurrent cholangitis with biloma [19]. None of the patients or grafts were lost during the follow-up period of two years [19].




6. DCD Liver Transplantation: Overview on Risk Scores and Benchmarking


There are several scores that have been developed in LT based on a relatively limited number of parameters, and they express the total risk up to a risk threshold [28,29,30,31]. However, their applicability in DCD liver transplants is limited, as they include the variable DCD as overall risk factors without considering some key parameters involved in the DCD injury, e.g., dWIT.



In 2011, authors from UCLA [32] identified six multivariate factors predictive for graft failure in DCD livers, three from the recipients (diagnosis of hepatitis C virus with malignancy, non–hepatitis C virus with malignancy, or hepatitis C virus only, re-graft, and BMI > 30 and three from the donors (hepatitis B core antibody positivity, mean arterial pressure lower than 60 mm Hg for longer than 20 min after WLST and CIT > 6 h).



The team from Kings College has identified among 261 DCD LT six donor, graft and recipient factors to predict DCD graft failure by the DCD-RI. The score also included 18 (6.9%) paediatric DCD donors and 15 (5.7%) DCD paediatric recipients as there was no difference in adult and paediatric DCD graft survival. The DCD-RI combined functional dWIT, duration of donor hepatectomy, MELD > 25, CIT, indication for transplantation and retransplantation [33]. According to the calculated DCD-RI score, three risk classes could be defined of low (DCD-RI < 1), standard (DCD-RI 2–4) and high risk (DCD-RI > 5) having graft survival at 5 years of 86%, 78% and 34%, respectively. However, it needs to be highlighted that the DCD cases were not equally distributed to the three risk classes of this score.



The UK-DCD-Risk score was recently developed to define futile donor-recipient combinations in DCD liver transplantation [34]. Seven parameters (donor age, donor BMI, functional dWIT, CIT, recipient age, recipient MELD and retransplantation) have been found to correlate with graft survival. Although most parameters in the UK-DCD-Risk score are the clinically relevant factors, also described in the paediatric DCD population, the specific role of this model in this recipient category remains unexplored. In addition to the identification of futile DCD constellations, the best possible outcome is of importance to assess the impact of novel treatment modalities. In this context, the tool of Benchmarking was recently developed for DCD liver transplantation.



Among 2219 controlled DCD LT, benchmark values were identified for the adult transplant population as follows: PNF ≤ 2.5%, intensive care unit stay ≤3, in hospital stays ≤16 days, post-operative bleeding ≤ 10.3%, renal replacement therapy ≤ 9.6%, any complications ≤ 95%, ischemic cholangiopathy ≤ 16.8% anastomotic strictures ≤ 28.4% biliary leak ≤ 8.3%, one-year graft loss ≤ 14.4%, retransplantation ≤ 6.9%, one-year mortality ≤ 9.6% [5]. Of note, paediatric LT from DCD donors reported today were found within these values, particularly the donor risk (i.e., dWIT) was within 15 min asystolic and 30 min total dWIT and also the main outcome parameters, for example, biliary complications and graft survival [5]. The benchmark tool provides a large comparator cohort to assess the risk and outcome accepted and achieved in a specific cohort.




7. The Potential Role of Machine Perfusion in DCD Liver Transplantation for Paediatric Recipients


Machine perfusion has gained wide interest during the last decades. In adult LT, there is evidence that the different perfusion techniques have an impact on the rate of early allograft dysfunction (EAD), post-transplant complications and graft survival [35,36,37]. In the setting of DCD liver transplantation, hypothermic oxygenated perfusion (HOPE) was shown to protect recipients from the development of overall and liver-specific complications, including ischemic cholangiopathy and graft loss [38,39,40,41,42]. Van Rijn et al. have recently demonstrated in the first randomised controlled trial (RCT) a significant reduction in ischemic cholangiopathy with a two-hour dual HOPE in DCD liver grafts [43].



In 2019, the Groningen group [44] published the first case of paediatric DCD liver transplantation with the HOPE technique. A graft from a 13-year-old DCD donor was retrieved with the super rapid technique, having a total dWIT (from withdrawal of life support to in situ cold perfusion) of 34 min. Subsequently, after 6.4 h of CIT, the graft underwent pressure-controlled dual HOPE using the Liver Assist (Organ Assist, Groningen, The Netherlands) for 2 h. This DCD liver was used for a 16-year-old recipient affected by progressive familial intrahepatic cholestasis type 2. The surgery was complicated by a relaparotomy due to post-transplant bleeding on day 4. The further recovery and follow up of the recipient were uneventful with no additional complications at the one-year follow-up. Importantly, there were no clinical signs of vascular or biliary complications and a routine liver biopsy was normal. This report showed that HOPE can be safely performed in paediatric livers from DCD donors with successful outcomes.



The hypothermic perfusion techniques were found to protect the recipients from complications through mitochondrial protection [35,41,42,43,45,46]. In fact, the underlying mechanism of protection through HOPE is directly linked to mitochondria. Cold oxygenation of ischemic tissue reduces previously accumulated Succinate and recharges ATP. The subsequent IRI—cascade of inflammation, which occurs once the organ undergoes normothermic reperfusion (either on a device or in vivo during implantation), is significantly reduced [47]. Based on the reduced succinate concentration, the initial reoxygenation is less toxic to mitochondrial complex I, which produces less reactive oxygen species (ROS), which is the main instigator of downstream inflammation in the entire organ. As a direct consequence, the release of danger signals, including mitochondrial DNA and damage-associated mitochondrial patterns (DAMPs), is reduced [48,49,50]. This leads to a reduced activation of the innate immune system and decreases the inflammatory response in the recipient. Morphological features of such HOPE protections are a reduced number of biliary complications, a decreased graft stiffness with lower acute rejection rates and less intrahepatic vascular resistance [50]. Particularly the rejection and vascular resistance appears beneficial for paediatric grafts with their higher risk of vascular complications and immune system activation. Such interesting mechanisms of protection of the liver graft could pave the way for routine utilisation of HOPE in paediatric DCD and, as such, expand the donor pool.



In addition to ex situ preservation technologies, in situ normothermic regional perfusion (NRP) provided clinical evidence of adequate outcomes in adult LT with DCD grafts [51,52,53] in terms of biliary complications and graft loss. Italy, Spain and France procure DCD livers routinely with normothermic regional perfusion (NRP) in the donor. Such grafts are obtained based on the macroscopic appearance during 2–4 h of NRP, biopsy results and the level of parameters of injury in circulating donor blood (liver enzymes and lactates). Outcomes after transplantation of such adult DCD grafts appeared good with very low IC rates, although the grafts are of better quality with shorter dWIT [5,51,52,53]. To date, no reports are available with regards to the utilisation of NRP in DCD livers for paediatric recipients, but this option has been explored in DCD heart transplantation with good outcomes. [54]



Furthermore, machine perfusion could also promote paediatric LT allowing a split transplantation. This interesting concept of splitting livers during machine perfusion was recently explored by different authors who demonstrated feasibility with both normothermic and hypothermic perfusion techniques [55,56,57,58,59]. Two case series [58,60] have shown the feasibility of splitting liver grafts during HOPE. Spada et al. have reported a mono-segmental (SII) split procedure during HOPE, which was successfully transplanted in a 3.7 kg neonate with acute liver failure, whereas the extended right lobe was transplanted in a 9-year-old patient [57]. Unfortunately, the SII recipient developed a portal vein thrombosis 2 weeks after LT and underwent re-transplantation. Thorne et al. reported a classical splitting procedure with a successful transplant of LLS in a paediatric recipient [58]. Although both the grafts were retrieved from DBD, the procedure could potentially be applied to DCD grafts, allowing an expansion of organ availability. However, the liver splitting process itself can release inflammatory cytokines as a result of the parenchyma transection, as shown in experimental models [60,61], and this could potentially contribute to an elevated inflammatory response in the recipient [60]. In this regard, machine perfusion itself could be a compelling tool to mitigate and downregulate the recipient’s innate immune response. However, such protection from post-transplant IRI and inflammation has been demonstrated for the HOPE technique in the clinical setting and in experimental models [43,49,50].



Recent advances in the optimisation of donor stability with extracorporeal membrane oxygenation (ECMO), which is used to support cardiopulmonary failure, could represent another important modality to expand the donor pool [62,63]. Although no cases of livers donated from DCD donors supported by ECMO have been reported for paediatric recipients, one DBD case was successfully transplanted [48]. In addition, the availability of a mobile ECMO team could enable the use of this technology in smaller hospitals, as recently demonstrated by authors in Spain [64].




8. Summary and Future Perspective


The overall number of paediatric DCD liver recipients remains limited with 86 cases across four countries (Figure 1). Of note, the largest case series of 57 recipients [10] illustrates a survival comparable to DBD grafts. Additionally, all other case series reported good outcomes with the loss of only one patient. The data shown in the literature and summarised in this review underline that with meticulous donor selection, adequate outcomes can be achieved with DCD grafts in paediatric recipients. The ideal DCD donor is considered as young and healthy, with short dWIT (<30 min), and short CIT (<8 h), good graft perfusion at procurement and rapid donor hepatectomy performed by an experienced donor surgeon to avoid additional liver injury through unnecessary prolonged hepatectomy and delayed cooling. Indeed, throughout all reports, the mean or median dWIT is less than 30 min, although it needs to be highlighted that the dWIT followed heterogenous definitions throughout the here-discussed papers. Interestingly, although in a small number of studies, split livers from DCD were used with success, the additional liver transection may prolong the cold ischemia and the division of hepatocytes increases the enzyme and cytokine release with potentially higher reperfusion injury or even systemic inflammatory response syndrome (SIRS), similarly to features seen in patients who underwent the Associating Liver Partition and Portal Vein Ligation for Staged Hepatectomy (ALPPS) procedure [60,65].



We acknowledge that, due to the heterogeneity of the data reported across four countries, it is difficult to recommend the routine utilisation of DCD grafts for children, and this is further hampered by small numbers of cases. However, the use of a DCD graft in children where no living donor is available and who cannot wait any longer can be a lifesaving procedure.



In summary, current literature suggests that DCD livers may be used in paediatric recipients with satisfactory results, provided the overall risk is limited. With novel machine perfusion technologies, the use of DCD could be extended even to split grafts, expanding the donor pool and potentially decreasing waitlist mortality in the paediatric population. Presently, a cautious and strict donor selection seems to be the most important factor that can influence overall outcomes. With larger studies and more evidence available in the future, the utilisation of DCD liver grafts for children will be increased.
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	BMI
	Body Mass Index



	CIT
	Cold Ischemia Time



	DAMPs
	Damage Associated Molecular Patterns



	DBD
	Donation after Brain Death



	DCD
	Donation after Cardiac Death



	dWIT
	Donor Warm Ischemia Time



	ECMO
	Extracorporeal membrane oxygenation



	HMP
	Hypothermic Machine Perfusion



	HOPE
	Hypothermic Oxygenated Liver Perfusion



	IC
	Ischemic Cholangiopathy



	LLS
	left lateral segment



	LT
	Liver Transplantation



	NRP
	Normothermic Regional Perfusion



	PNF
	Primary non-function



	ROS
	Reactive Oxygen Species



	TPA
	Tissue plasminogen activator



	WIT
	Warm Ischemia Time



	WLST
	Withdrawal of life-sustaining therapies



	UNOS
	United Network for Organ Sharing
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Figure 1. Total number of DCD paediatric LT per reported countries. 
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Table 1. Summary of all reported cases of paediatric LT with DCD grafts. Results are presented in mean deviation standard or median and IQR, based on how each study reported.
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	Author and Year
	Country
	Donor Age (yr)
	Total dWIT (min)
	Functional dWIT (min)
	CIT (h)
	Graft Type
	Recipient Number
	Recipient Age
	Recipient Gender
	Complications
	Status at Last FU





	Abt 2006
	US
	12.2 (14.4)
	11.6 (5.3)
	NA
	8.1
	Whole
	19
	8.7 yr
	12M/7F
	2 re-LT

1 PNF
	NA



	Muiesan 2006

Bartlett 2010
	UK
	23 (10–64)
	NA
	16 (11–29)
	7 (5.5–8.4)
	4: whole

8: reduced

1: split LLS

1: auxiliary
	14
	7 yr (8 mo–16 yr)
	7M/7F
	2 pleural effusion

1 sepsis

4 ACR

2 ductopenic rejection
	100% survival



	Perera 2009

Gozzini 2010

Gelas 2012
	UK
	14.2 (11–20)
	NA
	15 (10–22)
	7.4 (6–8.4)
	2: Whole

5: reduced
	7
	6 (0.1–15) yr
	2M/5F
	4: ACR

3: IC

1: CR
	100% survival



	Hong 2014
	US
	2.4 (0.3–6)
	24
	NA
	5 (4–7)
	Whole
	7
	28.4 mo (9.6–59.2)
	3M/4F
	1 AS
	100% survival



	Van Rijn 2017
	Netherlands
	5 (3–9)
	25 (20–31)
	NA
	8 (7–9)
	Whole
	3
	8.6 (6–13) yr
	NA
	2 HAT

1 PVT
	66% survival

33% death



	Hwang 2018
	US
	11.2 ± 12.3
	16.9 ± 6.8
	NA
	7.9 ± 5.2
	54: whole

3: LLS
	57
	7.7 ± 6.8
	NA
	4 vascular thrombosis

2 ACR

2 PNF

1 CR
	75% graft survival at 4 years



	Liu 2018
	China
	NA
	5
	NA
	7.5
	Whole
	4
	4.5 yr
	2M/2F
	1 NASH

1 Biloma

1 EBV infection
	100% survival



	Werner 2019
	Netherlands
	13
	34
	NA
	6.4 h + 2 h HMP
	Whole
	1
	16
	F
	Relaparotomy for bleeding
	100% survival







ACR: acute cellular rejection; AS: anastomotic stricture; CIT: cold ischemia time; CR: chronic rejection; DCD: donation after circulatory death; dWIT: donor warm ischemia time; HAT: hepatic artery thrombosis; HMP: hypothermic machine perfusion; IC: ischemic cholangiopathy; LLS: left lateral segment; LT: liver transplantation; Mo: months; NA: not available; NASH: non-alcoholic steatohepatitis; PNF: primary non-function; PVT: portal vein thrombosis. Yr: years. Definition of dWIT: in the reports from the US and the Netherlands it was defined as total dWIT, from withdrawal of life-sustaining therapies until the time of aortic perfusion with cold preservation solution. In the UK reports, functional dWIT was defined as the interval between systolic blood pressure < 50 mmHg and the time of aortic perfusion with cold preservation solution. The single report from China did not specify a definition of dWIT.
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