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Abstract

Background: In December 2018, UNOS approved an allocation scheme based on recipients’ 

geographic distance from a deceased donor (“acuity circles”). Previous analyses suggested acuity 

circles (AC) would reduce waitlist mortality overall, but their impact on pediatric subgroups was 

not considered.

Methods: We applied Scientific Registry of Transplant Recipients data from 2011-2016 towards 

the Liver Simulated Allocation Model (LSAM) to compare outcomes by age and illness severity 

for the UNOS-approved AC and the existing Donor Service Area (DSA)/Region-based allocation 

schemes. Means from each allocation scheme were compared using matched-pairs t-tests.

Results: Over a 3-year period, AC allocation is projected to decrease waitlist deaths in infants 

(39 vs 55; P<0.001), children (32 vs 50; P<0.001), and teenagers (15 vs 25; P<0.001). AC 

allocation would increase the number of transplants in infants (707 vs 560; P<0.001), children 
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(677 vs 547; P<0.001), and teenagers (404 vs 248; P<0.001). AC allocation led to decreased 

median PELD/MELD at transplant for infants (29 vs 30; P=0.01), children (26 vs 29; P<0.001), 

and teenagers (26 vs 31; P<0.001). Additionally, AC allocation would lead to fewer transplants in 

status 1B in children (97 vs 103; P=0.006) but not infants or teenagers. With AC allocation, 77% 

of pediatric donor organs would be allocated to pediatric candidates, compared to only 46% in 

DSA/Region-based allocation (P<0.001).

Conclusion: AC allocation will likely address disparities for pediatric liver transplant candidates 

and recipients by increasing transplants and decreasing waitlist mortality. It is more consistent 

with federally-mandated requirements for organ allocation.

INTRODUCTION

Liver transplantation is a life-saving procedure for individuals with acute liver failure, 

metabolic deficiencies and end-stage liver disease and other conditions. The demand for 

liver organs greatly exceeds the available supply, necessitating a system to oversee and 

coordinate the distribution of deceased-donor organs. In the United States, the principles for 

organ allocation were outlined by the Institute of Medicine’s “Final Rule,” at the direction of 

the National Organ Transplant Act of 1984.1,2 The United Network for Organ Sharing 

(UNOS) is tasked with allocating organs in accordance with these principles: allocation 

procedures should be clear, equitable, provide utility, and be iteratively monitored and 

modified so as to maintain public trust. Additionally, the National Organ Transplant Act 

requires that allocation “recognize the differences in health and in organ transplantation 

issues between children and adults throughout the system and adopt criteria, policies, and 

procedures that address the unique healthcare needs of children.”1

Despite the requirement that deceased-donor organs be distributed equitably, disparities in 

access to these organs persist. First, pediatric candidates are disadvantaged on the waitlist, 

with nearly half of pediatric deceased-donors organs going to adults.3 This occurs even 

while waitlist mortality for infants, 20 deaths per 100 patient-years, is higher than for any 

other age group.4 Additionally, pediatric candidates are disadvantaged on the waitlist as they 

compete with adults for both pediatric and adult deceased donor organs with an allocation 

PELD score that underestimates candidate’s 3-month mortality compared to the allocation 

score for adults on the list.5 Recent attention has focused on geographic disparities in the 

allocation scheme organized around arbitrary boundaries that form 58 Donor Service Areas 

(DSA) and 11 Regions, as evidenced by variations in transplant rate and median allocation 

score at transplant for infants, children and adults.6–8 In response to these geographic 

disparities, UNOS approved in December 2018 a new allocation scheme that allocates 

organs based on recipients’ geographic distance from a deceased donor (“acuity circles”) 

and their allocation score.9 An important aspect of the new allocation policy included a 

different algorithm that allocated livers from donors under 18 years of age to pediatric 

candidates on the liver waitlist nationally before adult recipients of lower acuity listed 

locally. Although previous analyses suggested acuity circles would mitigate geographic 

disparities and reduce waitlist mortality overall, the policy was not designed specifically to 

ameliorate disparities for pediatric candidates, nor was the policy’s impact on pediatric 

subgroups explored in significant detail.10

Mogul et al. Page 2

Transplantation. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To better understand the impact of the new UNOS-approved acuity circle allocation on 

pediatric liver transplant candidates and recipients, we applied the Liver Simulated 

Allocation Model (LSAM), the computer simulation program utilized by the Scientific 

Registry of Transplant Recipients (SRTR) and the Organ Procurement and Transplantation 

Network (OPTN), towards registry data.11 Outcomes under the new acuity circle system 

were compared with outcomes under the DSA/Region-based allocation scheme by age 

groups and acuity.

MATERIALS AND METHODS

Simulation and data source

This study used data from the SRTR. The SRTR data system includes data on all donors, 

waitlisted candidates, and transplant recipients in the United States, submitted by the 

members of the OPTN, and has been described elsewhere.12 The Health Resources and 

Services Administration (HRSA), U.S. Department of Health and Human Services provides 

oversight to the activities of the OPTN and SRTR contractors. This study was acknowledged 

by the Institutional Review Board of Johns Hopkins School of Medicine as being exempt 

from review.

LSAM is the software tool used by the SRTR to perform discrete-event simulation modeling 

of the United States liver allocation system.11 For this analysis, 10 replications of LSAM 

were run that included liver transplant candidates and organs offered between July 1, 2011 

and June 30, 2016. The simulation time period was 3 years (7/1/2013-6/30/2016). LSAM 

settings were adjusted so the total number of transplants remained approximately the same 

under both schemes, as the proposed scheme was not expected to significantly change the 

number of available transplantable livers. In addition, for a patient whose actual disease 

progression was censored due to transplant, the disease progression in the absence of a 

transplant, including death, was imputed with that of a similar patient. Outcomes of interest 

included: [1] deaths on the liver transplant waitlist, [2] number of transplants, [3] median 

pediatric end-stage liver disease (PELD; for recipients <12 years old) or model for end-stage 

liver disease (MELD; for recipients ≥12 years old) score and exception score at transplant, 

[4] distribution of deceased-donor livers, [5] days on the liver transplant waitlist, [6] travel 

distance for deceased-donor livers, and [7] posttransplant survival.

Allocation schemes

To test the effects of increasing pediatric priority, we ran replications of LSAM under 2 

allocation schemes: (1) acuity circle allocation as approved by OPTN Board in December, 

2018,9 and (2) the DSA/Region-based allocation system.13 With acuity circle allocation, the 

DSA- and Region-based classifications are eliminated. Livers are allocated instead to 

candidates within 150, 250, or 500 nautical miles (nm) of the donor hospital, and then 

offered nationally (beyond 500 nm of the donor hospital). Livers are offered first to status 

1A and 1B candidates within 500 nm of the donor hospital. Next, livers are offered to 

candidates with MELD/PELD greater than 37 within 150 nm of the donor hospital, then 

within 250 nm of the donor hospital, then within 500 nm of the donor hospital. Offers 

continue in a similar way (to candidates within 150, then 250, and then 500 nm of the donor 
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hospital) to candidates with ranges of MELD/PELD from 33-36, then 29-32, then from 

15-28. Livers are then offered nationally to status 1A and 1B candidates, then nationally to 

MELD/PELD greater than 15 and then finally MELD/PELD less than 15. As in the DSA/

Region-based allocation system, livers from deceased donors younger than age 18 will be 

offered to pediatric candidates prior to adults. The difference with the acuity circle allocation 

is that pediatric donors will be offered to children nationally before any nonstatus 1A adults. 

This will give additional priority to pediatric transplant candidates compared to the current 

distribution system.

Statistical analysis

Across replications, the minimum, mean, and maximum for each outcome were calculated 

under both allocation schemes. Results were compared with matched paired t-tests. 

Although multiple-testing adjustments were not formally made in this analysis, we 

considered P ≤ 0.01 as statistical significance given the multiple tests performed. Results 

were compared by age group (“infant”: <2 years; “child”: 2-11; “teenager”: 12-17; and 

“adult”: ≥18) and by illness severity (i.e., Status 1A and 1B). When numerical results are 

presented in parentheses, they are always presented as “[acuity circle mean] vs [DSA/

Region-based mean]” followed by the P-value.

To visualize the effect of allocation scheme on geographic disparity, we calculated for every 

location in the continental U.S. a weighted average of median allocation scores at transplant, 

with weights decreasing exponentially in distance to transplant centers. (For a worked 

example, see Supplemental Digital Content.)

RESULTS

Deaths on the liver transplant waitlist

Acuity circle allocation is projected to lead to fewer deaths than DSA/Region-based 

allocation over a 3-year period for infants (39 vs 55; P < 0.001), children (32 vs 50; P = 

0.003) and teenagers (15 vs 25; P < 0.001; Table 1). In addition, acuity circle allocation 

would decrease the number of waitlist deaths for adults (4109 vs 4392; P < 0.001). Acuity 

circle allocation is projected to lead to fewer deaths for Status 1B infants (12 vs 16; P = 

0.007) and children (4 vs 7; P < 0.001) but have no impact on status 1B teenagers (1 vs 1; P 
= 0.7). While there would be no change in the number of Status 1A deaths for any pediatric 

age group, there would be fewer Status 1A deaths for adults with acuity circle allocation (11 

vs 27; P < 0.001).

Number of transplants

Acuity circle allocation is projected to increase the number of transplants compared to DSA/

Region-based allocation performed in infants (707 vs 560; P < 0.001), children (677 vs 547; 

P < 0.001) and teenagers (404 vs 248; P < 0.001; Table S1). In contrast, the number of 

transplants would decrease for adults under acuity circle allocation (16 508 vs 16 963; P < 

0.001). By construction with LSAM, the total (adult plus pediatric) number of transplants 

would not change significantly (18 295 vs 18 319; P = 0.4).
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Median PELD/MELD score and exception at transplant

For patients transplanted with priority based on their PELD/MELD score, the median 

allocation score at transplant is projected to decrease under acuity circle allocation for 

infants (29 vs 30; P = 0.01), children (26 vs 29; P < 0.001) and teenagers (26 vs 31; P < 

0.001; Table 2). In contrast, the median allocation score at transplant for adults would 

increase (32 vs 30; P < 0.001). While geographic variability in median allocation score at 

transplant would decrease for adult (Figure 1a and 1b) and pediatric candidates (Figure 1c 

and 1d), greater variability would persist for pediatric candidates compared to adults. The 

number of pediatric candidates transplanted as Status 1B would be roughly similar under 

both allocation schemes for all pediatric groups. There would be a small decrease in Status 

1B transplants for children if acuity circles allocation were adopted (97 vs 103; P = 0.006) 

whereas the difference cannot be distinguished from zero for infants (115 vs 117; P = 0.4) 

and teenagers (23 vs 27; P = 0.02). The number of candidates transplanted as Status 1A 

would increase for all age groups including infants (83 vs 75; P = 0.004), children (90 vs 80; 

P < 0.001), teenagers (75 vs 60; P < 0.001), and adults (758 vs 643; P < 0.001).

Distribution of deceased-donor livers

Acuity circle allocation is projected to increase the overall percentage of pediatric deceased-

donor organs being transplanted into pediatric candidates (77% vs 46%; P < 0.001) with an 

increase observed in infants (15% vs 13%; P=0.002), children (24% vs 17%; P < 0.001) and 

more than doubling for teenagers (38% vs 15%; P < 0.001).

Days on the liver transplant waitlist

Median days on the waitlist is projected to decrease for infants (29 vs 42; P < 0.001), 

children (45 vs 70; P < 0.001) and teenagers (45 vs 57; P = 0.004; Table S2). In addition, 

median days on the waitlist would decrease for adults under acuity circle allocation (84 vs 

89; P < 0.001).

Travel distance for deceased-donor livers

Using acuity circle allocation, the median transport distance in nautical miles is projected to 

increase for all age groups including infants (403 vs 236; P < 0.001), children (395 vs 231; P 
< 0.001), teenagers (359 vs 125; P < 0.001) and adults (215 vs 92; P < 0.001; Table S3).

Posttransplant survival

The proportion of transplant recipients surviving 1 year after transplant is not projected to 

change under acuity circle allocation for infants (86% vs 85%; P = 0.06) and children (89% 

vs 88%; P = 0.1) but would increase very slightly for teenagers (89% vs 87%; P = 0.01).

DISCUSSION

This LSAM analysis demonstrates that the approved acuity circle allocation is likely to 

improve outcomes for pediatric liver transplant candidates of all age groups, by decreasing 

waitlist mortality and increasing number of transplants. It would significantly increase the 

percentage of pediatric donor livers that are transplanted into pediatric candidates, from less 

Mogul et al. Page 5

Transplantation. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



than 50% to more than 75%. Acuity circle allocation also leads to pediatric candidates being 

transplanted at lower PELD/MELD scores and with fewer children as Status 1B, suggesting 

that pediatric candidates would be transplanted earlier and before their illness severity 

progressed to more life-threatening levels. All age groups had shorter waitlist times. Despite 

the benefits of acuity circle allocation, it is important to note that geographic disparities for 

pediatric candidates would continue to persist, and likely exceed variability in adults, 

suggesting the former are more susceptible to center/regional variations in donor availability, 

listing practices and use of technical-variant or marginal grafts.

Currently, pediatric candidates less than 1 year of age at listing experience the highest 

waitlist mortality for any age group. Specifically, the recent SRTR report indicates that this 

group has a waitlist mortality of 20 deaths per 100 patient-years, compared to 13 deaths per 

100 patient-years for all adults, and is even higher than for elderly (i.e., over 65 years) 

candidates (18 deaths per 100 patient-years).4 This suggests a life-threatening disadvantage 

for these young candidates in accessing deceased-donor livers within our current allocation 

system. Furthermore, an analysis of the 90-day waitlist mortality for pediatric candidates on 

the liver transplant waitlist suggested that the current PELD score underestimates the actual 

risk of death by 17%, putting pediatric candidates at a disadvantage compared to adults.5

Although it has been widely reported and discussed that our current allocation system falls 

short of its Final Rule and NOTA’s requirements, and despite several attempts by UNOS 

committees to make the system more equitable, little progress has been made in abating this 

disparity. For example, a 2015 white paper entitled “The Ethical Principles of Pediatric 

Organ Allocation” by the Pediatrics and Ethics Committees of UNOS delineated 4 key 

principles that support the prioritization of pediatric candidates and include: (1) the 

prudential allocation of healthcare resources over the lifespan of the individual; (2) the fair 

innings principle; (3) the “maximin principle;” and (4) utility.14 Despite these foundational 

principles being defined and often implemented in other global communities, no substantial 

changes have been made to the U.S. allocation system in the intervening years.15 Our 

analysis highlights that acuity circle allocation would “recognize differences in health and in 

organ transplantation between children and adults” and incorporate “procedures that address 

the unique health care needs of children” more appropriately than the current system. It 

would reduce mortality and likely morbidity for infants, children, and teenagers—without 

increasing mortality for adult candidates.

An additional important outcome of acuity circle allocation is a substantial increase in the 

percentage of pediatric deceased-donor livers that are transplanted into pediatric candidates 

instead of adults. This can be attributed to an allocation policy created with the intention to 
prioritize pediatric waitlist candidates for pediatric deceased donor livers. While the DSA/

Region-based allocation system attempts to direct pediatric deceased-donor organs towards 

pediatric candidates, Hsu et al. reported—and this is supported by our LSAM simulation—

that nearly half of these organs are transplanted into adults. A quarter of pediatric donor 

livers are never offered to any pediatric candidate.3 This disparity occurs because, in many 

instances, there is not a pediatric candidate within the DSA/Region with sufficient priority to 

be allocated the organ. However, our simulation demonstrates that there are likely pediatric 
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candidates within a feasible distance from the donor hospital that would benefit from these 

pediatric organs.

While the broader sharing under acuity circle allocation would likely increase pediatric 

deceased-donor organs available for pediatric candidates, it does not prioritize national 

sharing of organs for the sickest individuals. We recently proposed a scheme, SharePeds, 

that prioritized national sharing of these organs within the existing DSA/Region-based 

framework for high acuity pediatric candidates that demonstrated superior outcomes relative 

to the traditional allocation scheme.16 Continued exploration of the impact of prioritizing 

national sharing for this population is critical to optimize equity and disparity reduction in 

the system.

One limitation of our analysis is that LSAM cannot predict how increased allocation of 

deceased-donor organs to pediatric candidates would increase split liver transplantation—

and the potential for more deceased donor organs being transplanted into 2 recipients. Many 

grafts allocated for pediatric candidates are split because they are larger than needed for that 

candidate. There is growing recognition that outcomes following split liver transplantation 

are similar to whole deceased-donor grafts.17–20 Several studies have identified that these 

grafts are insufficiently used, and would likely have positive effects in transplant rates and 

mortality.21,22 It is conceivable then that increased splitting would occur under the acuity 

circles scheme, and would subsequently yield grafts for adult recipients in the majority of 

instances. A second limitation of LSAM is that it cannot model changes in behavior, such as 

a center’s decision to accept/decline an offer, which may change over different allocation 

schemes.

Acuity circle allocation scheme would represent an important step towards eliminating 

disparities faced by infants, children and teenagers in need of a liver transplant. After 

implementation, it will be important to empirically verify that this scheme does accomplish 

disparity reduction as projected, and to continue to investigate and address persistent 

disparities for pediatric candidates to optimize outcomes for these vulnerable children. 

Likewise, the impact of acuity circles on geographic variability in allocation for pediatric 

candidates should continue to be evaluated to make sure significant disparities don’t persist. 

Ongoing work will be necessary to ensure that the youngest and most vulnerable candidates 

do not continue to die on the waitlist at high rates, and that any liver allocation policies 

moving forward must incorporate prioritizing pediatric recipients listed nationally for livers 
from pediatric donors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Distribution of Median MELD at Transplant (MMaT) or Median PELD/MELD at 

Transplant (MP/MaT) for (a) adults under the current DSA/Region-based system, (b) adults 

under proposed acuity circles, (c) pediatric candidates under the current DSA/Region-based 

system, and (d) pediatric candidates under proposed acuity circles
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