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Split Liver Transplantation and Pediatric Waitlist Mortality in the 
United States: Potential for Improvement

Emily R. Perito, MD, MAS1,2, Garrett Roll, MD3, Jennifer L. Dodge, MPH3, Sue Rhee, MD1, 
John P. Roberts, MD3

1Department of Pediatrics, University of California, San Francisco, San Francisco, CA.

2Department of Epidemiology and Biostatistics, University of California, San Francisco, San 
Francisco, CA.

3Department of Surgery, University of California, San Francisco, San Francisco, CA.

Abstract

Background.—In the United States, 1 in 10 infants and 1 in 20 older children die on the liver 

transplant waiting list. Increasing split liver transplantation could increase organ availability for 

these children, without decreasing transplants in adults.

Methods.—Using United Network for Organ Sharing Standard Transplant Analysis and 

Research data, we identified livers transplanted 2010 to 2015 that could potentially have been used 

for split transplant, based on strict criteria. Livers not suitable for pediatric patients or allocated to 

high-risk recipients were excluded. Number and distribution of potentially “split-able” livers were 

compared to pediatric waitlist deaths in each region.

Results.—Of 37 333 deceased donor livers transplanted, 6.3% met our strict criteria for 

utilization in split liver transplant. Only 3.8% of these were actually utilized for split liver 

transplantation. 96% were used for a single adult recipient. Of the 2253 transplanted as whole 

livers, 82% of their recipients were listed as willing to accept a segmental liver, and only 3% were 

listed as requiring a cold ischemia time less than 6 hours. Over the same 5 years, 299 children died 

on the waitlist. In every United Network for Organ Sharing region, there were more potentially 

“split-able” livers than pediatric waitlist deaths. Thirty-seven percent of pediatric waitlist deaths 

occurred at transplant centers that averaged 1 or less pediatric split liver transplantation annually 

during the study period.

Conclusions.—This comparison, although not conclusive, suggests that we might be missing 

opportunities to reduce pediatric waitlist mortality without decreasing access for adults—using 
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split liver transplant. Barriers are significant, but further work on strategies to increase split liver 

transplant is warranted.

Among children listed for liver transplant in the US, more than 1 in 10 who are younger than 

2 years die while waiting, as do more than 1 in 20 older children. For children who reach 

transplant, more than 40% spend over a year on the waitlist1—taxing their organs, growth, 

and development. Increasing the number of livers available to children could reduce waitlist 

mortality, waiting time, and potentially improve long-term post-transplant outcomes.

Split liver transplantation is 1 strategy for increasing availability, without having to increase 

the number of deceased donors or the number of livers available for adults. In the United 

States, splits are used primarily to increase organ availability for children.2 Recent analyses 

suggest that graft and patient survivals after transplant with a deceased donor liver—for both 

children and adults—have become comparable for split and whole liver recipients.3–5

Recent experience at 1 high volume adult and pediatric transplant center in the United 

Kingdom offers a real-world demonstration of the potential for increased split liver 

transplantation to reduce pediatric waitlist mortality.6 Under their policy, if a donor meets 

established criteria, the liver is primarily allocated as a split, for transplantation into 2 

patients. In the 4 years after institution of an “Intention to Split” policy, 0 children died on 

their liver transplant waiting list.

In 2007, the Organ Procurement and Transplantation Network (OPTN) elucidated criteria 

for deceased donor livers with the potential to be split: nonobese donors younger than 40 

years, on a single vasopressor medication, with serum transaminase levels 3 times or less 

normal. Preliminary analyses since then suggest that more than 10% of all donors meet these 

criteria. However, these livers are not offered preferentially to children or to those listed as 

willing to accept a split. Over the last decade, fewer than 2% of all US liver transplants have 

been split—and children continue to die on the waiting list.2 Detailed analysis of additional 

risk factors in these potential donors, and in their primary recipients, has not been previously 

undertaken.

To explore the possible impact of increased split liver transplantation on children awaiting 

liver transplant in the United States, we sought to identify deceased donor livers that might 

have been “split-able” and acceptable for pediatric donors, without increasing risk to the 

adult recipient. We compared the number of potentially “split-able” livers to pediatric 

waitlist deaths in each United Network for Organ Sharing (UNOS) region. We hypothesized 

that, even using our conservative criteria, potentially “split-able” livers would outnumber 

pediatric waitlist deaths.

MATERIALS AND METHODS

We used the UNOS Standard Transplant Analysis and Research files, through 12/2/2016. 

The Standard Transplant Analysis and Research files include deidentified data on all US 

donors, waitlisted candidates, and transplant recipients, as submitted by all OPTN member 

centers. The Health Resources and Services Administration, US Department of Health and 

Human Services, oversees activities of the OPTN and SRTR contractors. Institutional review 
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board approval from the University of California, San Francisco, was obtained before 

analysis (CHR 14–15024).

For the analysis of deceased donors with potential for utilization in split liver 

transplantation, we included liver from donors aged 18 to 40 years that were recovered 

January 1, 2010, to December 31, 2015, within the United States and were transplanted. 

Discarded organs were excluded. Criteria for subsequent exclusions are detailed in Figure 1. 

We excluded donor livers that would not have been favorable for split liver transplantation 

based on criteria recommended by UNOS, and/or used clinically at UCSF and other centers, 

based on published data and author review.2,6,7 To avoid overestimating the number of split-

able livers, we then excluded donor livers with public health service (PHS) high-risk 

characteristics. Finally, to identify favorable livers that could have been utilized for split 

transplant under the current allocation scheme, we excluded livers primarily allocated to 

recipients that might have been considered high risk for split liver transplant (Figure 1).

For the analysis of pediatric waitlist mortality, we included patients 0 to 18 years of age at 

listing who were removed from the waitlist because they either died or were deemed too sick 

for transplant. We identified 8 wait-list candidates who were removed from the waitlist for 

being too sick but were later relisted and transplanted, we excluded these children.

Statistical Analysis

Descriptive statistics were performed with χ2 testing for categorical variables, using exact 

methods as appropriate. Median and interquartile range (IQR, 25th-75th percentile) were 

reported for continuous variables because of skewed distributions. Kruskal-Wallis and 

Wilcoxon rank sum tests for between-group differences were used for continuous variables. 

Competing risks regression was used to evaluate whether center utilization of split liver 

transplant was associated with pediatric waitlist mortality. Data analysis was completed 

using SAS version 9.4 (SAS Institute, Cary, NC) and Stata/IC 14 (StataCorp, College 

Station, TX).

RESULTS

Distribution and Utilization of Livers That Met Donor Criteria for Split Liver Transplantation

Of 37 333 deceased donor livers transplanted 2010 to 2015, 11% (n = 4199) met our criteria 

for potential utilization in split liver transplantation. Of those meeting initial criteria, 42% 

had PHS high-risk characteristics that made it less likely they would be accepted for 

pediatric donors. This left 2369 livers—6.3% of transplanted livers—that met all stipulated 

donor criteria (Figure 1).

Of these potentially “split-able” livers (n = 2369), only 3.8% (n = 91) were actually used for 

split liver transplantation (Table 1). Among donors deemed eligible for splitting and 

pediatric transplant, the percentage transplanted as split ranged from less than 1% in regions 

3, 6, and 11% to 11% in region 1, and 15% in region 9. Those transplanted as split or partial 

were more likely regional shares, and they had slightly longer cold ischemia times, but they 

were otherwise comparable in characteristics associated with donor risk (Table 1).
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Ninety-three percent of all the “split-able” livers went to adults, 3.3% as split livers. Only 

6.9% (n = 169) went to pediatric recipients, with just over half transplanted as split livers 

(Table 1)

Of “split-able” livers transplanted whole (n = 2253), 97% went to adults. The minority of 

these whole liver recipients were status 1A at waitlist removal, but 25% did have Medical 

End-stage Liver Disease greater than 40 or were in the intensive care unit. (Table 1) 82% 

were listed as willing to accept a segmental liver, and only 3% were listed as requiring a cold 

ischemia time <6 hours (Figure 2). For those with a maximum cold ischemia time specified 

(n = 697), median was 12 hours (IQR, 10–15 hours).

Of the whole liver recipients (n = 2253), we deemed 50% to be potentially high-risk for split 

liver transplantation (Figure 1). Of the 1116 lower risk patients, 77% were listed as willing 

to accept a segmental liver and only 3% were listed as requiring a cold ischemia time less 

than 6 hours.

Livers Actually Used for Split Liver Transplant

The 91 livers that met our criteria and were actually used for split liver transplant were 

transplanted. Of the 182 liver segments from these donors, only 4.9% were recovered but not 

transplanted. These segments went into 173 recipients and accounted for 18.6% of all 

deceased donor livers used for split liver transplant 2010 to 2015 (total, n = 490). Organs 

outside our criteria that were split appeared to be slightly higher risk than organs meeting 

our criteria; they were from smaller donors—including pediatric donors—that had been 

hospitalized longer, had a higher donor risk index, and higher than ideal transaminases and 

sodium (Table S1, SDC, http://links.lww.com/TP/B566). Only 9% were high risk by PHS 

criteria; 0.6% were hepatitis B (surface antigen or core antibody) or C (antibody) positive.

The recipients of split livers outside our criteria did not differ significantly from those that 

received splits meeting our criteria—by demographics, measures of illness severity, or 

transplant indication—or by graft or patient survival at 3 years posttransplant. Recipients of 

a split liver outside our criteria were more likely to be at a transplant center more than 300 

miles from the donor hospital (Table S1, SDC, http://links.lww.com/TP/B566).

Pediatric Waitlist Mortality

Over the same 5 years, 299 pediatric patients died on the waitlist (n = 172) or were removed 

for being too sick (n = 127) at 60 transplant centers (Figure 2). Fifty-six percent were 

younger than 2 years at listing, 23% were 2 to 11 years, and 20% were 12 to 17 years. 

Median weight at listing was 9.4 kg (IQR, 6–30 kg), and 68% weighed 20 kg or less. 

Median days on the waitlist was 39 (IQR, 6–146 days).

Thirty-seven percent of pediatric waitlist deaths occurred at transplant centers that reported 

doing no pediatric split liver transplants (15%) or performed a mean of (averaged) 1 or less 

per year (22%) during the study period. However, 96% of these patients were listed as 

willing to accept a segmental liver at their final waitlist update. Of the 14 centers that had 

pediatric waitlist deaths and did pediatric transplants but no splits, 12 performed a mean of 

(averaged) 6 or less pediatric transplants per year. Of the remaining, 17 centers averaged 1 or 
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less pediatric split liver transplant per year; 24 reported a median 16 pediatric split liver 

transplants over the 5-year study period (IQR, 9–24; range, 6–48).

Children who died at centers that averaged 0 to 1 pediatric split transplants annually were 

slightly older (median, 1.5 years; IQR, 0–11 years) and heavier (median, 10.4 kg; IQR, 6.4–

36.9 kg) than those who died at centers that averaged >1 pediatric split transplant annually 

(median age, 0 year; IQR, 0–8 years; P = 0.04; median weight, 8.8 kg; IQR, 5.9–28 kg; P = 

0.09). Median days on the waitlist did not differ significantly (P = 0.54). Children listed as 

centers that averaged 6 or less total pediatric transplants per year had an increased risk of 

waitlist mortality (subhazard ratio, 1.68; 95% CI, 1.25–2.26; P = 0.001), as has been 

previously demonstrated. After controlling for total center size and age at listing (<2, 2–11, 

12–18 years), neither volume of pediatric split transplants per year or averaging more than 1 

per year was associated with pediatric waitlist mortality (data not shown).

DISCUSSION

Of the 6.3% of transplanted, deceased donor livers that met our strict criteria for potential 

split transplant into pediatric recipients, the vast majority of these livers were transplanted 

into a single adult recipient. In every UNOS region, the number of potentially “split-able” 

livers—including having a primary recipient listed as willing to accept a segmental liver—

was larger than the number of children that died waiting for a liver transplant. This 

comparison, although not conclusive, suggests that we might be missing opportunities to 

reduce pediatric waitlist mortality without decreasing access to liver transplants for adults.

Although the majority of adults who received a “split-able” liver were listed as willing to 

accept a segmental liver, very few received a split liver. Currently, the decision to split a liver 

is made at organ allocation by an individual provider for an individual patient. Almost all 

split transplants in the US occur when the primary recipient is too small for the entire 

allocated liver. Previous policy attempts to incentivize split liver activity has had minimal, if 

any, impact on practice. For example, a 2012 UNOS policy variance allowing transplant 

programs who split the graft into a right lobe for use in an adult to retain the left lobe for use 

in another patient at their center was used only once in the 2 years after implementation.8

One center in the United Kingdom addressed this gap between potential and practice with an 

“Intention to Split” policy; livers meeting their criteria are allocated to 2 recipients. This 

essentially increased the priority of children awaiting transplant—as has been done recently 

in the US renal and lung transplant allocation systems. From 2008 to 2014 in Birmingham, 

more than 65% of children received a split liver transplant, with 5- and 10-year patient 

survivals (89%–90%) and graft survivals (86%–87%).5 In the United States, 5- and 10-year 

posttransplant survivals for pediatric recipients Are very similar,9,10 but the percentage of 

children receiving split liver transplants is only 15%.1 For Birmingham’s right lobe 

recipients, 5-year patient and graft survival were 81% to 82%.

A 2016 UNOS Ethics Committee White Paper, approved by all 11 Regional Committees, 

supported policy changes in a similar direction. They advocated for policy “such that when 2 

patients…are likely to have favorable outcomes with a split liver, then split liver 
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transplantation should be offered….as the only transplantation option with that organ.”2 

Another option would be to further prioritize children so that they more often receive the 

primary offer of a “split-able” liver. Among adult donors that meet UNOS criteria for split 

eligibility, 4.1% of organs primarily allocated to children are used for split transplant versus 

0.6% of those primarily allocated to adults.11 Versions of this are used in some European 

countries—as are policies in which “split-able” livers are first offered to pediatric liver 

centers.12

Although early analyses suggested worse outcomes with split liver transplant,13,14 recent 

studies demonstrate equivalent graft and patient posttransplant survival for US pediatric 

recipients of split liver transplants, after adjusting for other factors, both in highly 

experienced single centers7,15 and in the comprehensive UNOS database.3,16

Splitting a liver does add technical complexity and ischemic time. An increased risk of 

posttransplant complications—most notably bile leaks and strictures—remains in most 

studies.6 These complications are largely treatable, but require hospitalization and invasive 

procedures.

Additional barriers to increasing split liver transplant in the United States include logistical 

challenges and surgeon availability and experience. These challenges are compounded by 

the geographic size of our country. Uncertainty remains about best technical practices, but a 

standardized approach might be helpful. For example, allocating the proper hepatic artery 

with the left lateral segment can more reliably yield an appropriately sized orifice for arterial 

reconstruction in both recipients. Using this strategy, Birmingham’s hepatic artery 

thrombosis prevalence fell to 6%.6

Our analysis supports that split liver transplantation may not currently be a realistically 

accessible option for all waitlisted children. Almost all children who died on the waitlist 

were listed as willing to accept a segmental liver; two thirds were 20 kg or less—suggesting 

a left lateral segment might be sufficient. However, more than one third that died were at 

centers averaging 1 or less pediatric split liver transplants per year. Further inquiry into 

offers and factors impacting a center’s decision to accept a liver for split transplantation 

would be helpful next steps in considering policy adjustments. Multi-institution 

collaboratives to increase split availability/utilization17 and increased use of ex vivo 

normothermic machine perfusion to preserve graft quality during split or transfer18 might 

also help protect these vulnerable children.

Our strict criteria for “split-able” livers provide a conservative estimate of the potential 

impact for increased split liver transplant. In fact, 80% of deceased donor livers actually 

used for split liver transplantation were slightly outside our criteria. This suggests that even 

small or conservative adjustments in split utilization could have a significant impact on 

waitlisted children.

This is not a conclusive analysis of the impact that increasing split liver transplant would 

have on pediatric outcomes. Limitations include those of our retrospective data set and our 

descriptive statistical approach. We did not have access to data on organ offers, to evaluate 

whether children that died had feasible organ offers for split transplant. UNOS data do not 
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include detailed data on why surgeons accept or reject specific organs for individual patients, 

limiting our ability to predict or model their behavior. Fully describing the impact that 

greater access to “split-able” livers would require additional simulation modeling—perhaps 

estimating the impact of offering livers that meet strict criteria as potential splits if not 

accepted by any status 1 candidate.

Increasing utilization of split liver transplant is a complex endeavor. However, over the past 

30 years, almost 1500 children have died on the liver transplant waiting list. In contrast, 

children that are transplanted have excellent long-term outcomes. Increasing split liver 

transplantation would likely reduce waitlist mortality in children without significantly 

decreasing the number of organs available for adults. Further research into barriers—and 

efforts to overcome them—is a worthwhile next step.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Selection of potentially “split-able” livers, from all deceased donor livers transplants 2010 to 

2015 in the United States.
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FIGURE 2. 
By United Network for Organ Sharing (UNOS) region for the study period 2010 to 2015, 

comparison of (1) deceased donor livers that were transplanted as whole livers but were 

potentially “split-able” (ie, met criteria for potential split based on each category), (2) 

pediatric deaths on the liver transplant waiting list, and (3) number of pediatric whole and 

split liver transplants. We separated children listed ≥5 days before death/waitlist removal 

from the small percentage who died after less than 5 days on the waitlist, as a proxy for 

sufficient waitlist time to actually receive an offer and survive to transplant.
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