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Liver Simulated Allocation Modeling: Were the
Predictions Accurate for Share 35?
Aparna Goel, MD,1 W. Ray Kim, MD,1,2 Joshua Pyke, PhD,2 David P. Schladt, MS,2 Bertram L. Kasiske, MD,2,3

Jon J. Snyder, PhD,2,4 John R. Lake, MD,2,5 and Ajay K. Israni, MD, MS2,3,4

Background. The liver simulated allocation model (LSAM) can be used to study likely effects of liver transplant allocation policy
changes on organ offers, acceptance, waitlist survival, and posttransplant survival. Implementation of Share 35 in June 2013
allowed for testing how well LSAM predicted actual changes. Methods. LSAM projections for 1 year of liver transplants before
and after the Share 35 policy change were compared with observed data during the same period. Numbers of organs recovered,
organ sharing, transplant rates, and waitlist mortality rates (per 100 waitlist years) were evaluated by LSAM and compared with
observed data. Results. Candidate, recipient, and donor characteristics in the LSAM cohorts were similar to those in the
observed population before and after Share 35. LSAM correctly predicted more accepted organs and fewer discarded organs
with Share 35. LSAM also predicted increased regional and national sharing, consistent with observed data, although themagnitude
was overestimated. Transplant rates were correctly projected to increase and waitlist death rates to decrease. Conclusions.

Although the absolute number of transplants was underestimated and waitlist deaths overestimated, the direction of change
was consistent with observed data. LSAM correctly predicted change in discarded organs, regional and national sharing, waitlist
mortality, and transplants after Share 35 implementation.

(Transplantation 2018;102: 769–774)
L iver transplantation invokes a longstanding, complex
debate regarding how best to allocate a scarce resource

in an equitable and efficient manner.1,2 As the demand for
organs far outstrips supply, patients often die while waiting
for transplant. In 2012, more than 15 000 patients were on
the liver transplant waiting list, nearly 6000 transplants
were performed, and more than 2000 patients died on
the waiting list.3

Policies related to organ allocation and distribution have
evolved over 3 decades. Many of these policies are intended to
improve the survival of waitlisted candidates, reduce waitlist
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time, and minimize subjectivity with regard to status assign-
ment.1,4 After the Final Rule was issued by the US Department
of Health and Human Services in 1998, liver allocation
shifted from “first-come, first-served” to a “sickest first” pri-
oritization.5 Initially, the Child-Turcotte-Pugh score was used
to define illness severity, but due to its subjective elements, it
was replaced by the model for end-stage liver disease (MELD)
score in 2002.6-10 Analysis of data followingMELD implemen-
tation indicated no net survival benefit to performing trans-
plants in patients with MELD scores below 15, prompting
the Share 15 regional policy.11
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Sharma et al12 suggested that mortality of candidates with
MELD scores 36 to 40 is similar to mortality of candidates
listed as status 1a, arguing for a more urgent need for trans-
plant. The so-called Share 35 policy, in recognition of the
urgent need for transplant in high-MELD candidates with
advanced hepatic decompensation, provides for regional
organ sharing for patients with MELD scores above 35,
similar to the way status 1a candidates were prioritized.
The policy was implemented in June 2013.

As with prior policy changes, the Scientific Registry of
Transplant Recipients (SRTR) was asked to study the likely
effects of the Share 35 policy by using liver simulated alloca-
tion modeling (LSAM).13,14 LSAM is a discrete event-based
computer simulation program that uses historical data to
model organ offers, acceptance, MELD changes over time,
waitlist survival, and posttransplant survival, and the un-
certainty associated with these events.13 Although LSAM
predictions have been used frequently to inform proposed
policies in the past, opportunities to test these predictions
against actual results after significant organ allocation
and distribution policy changes are rare in liver transplanta-
tion. Such fact checking of LSAM is important in light of re-
cent heavily debated policy changes regarding redistricting.

In this study, we aimed to describe the extent to which
LSAMpredictions reflect actual effects of policy implementa-
tion by comparing LSAM projections 1 year before and after
Share 35 with observed data. The study period was limited to
1 year before and after Share 35 to mitigate the effects of
other longitudinal trends in various aspects of transplanta-
tion that are independent of the policy change. The discrete
period allowed us to more accurately determine whether
LSAM can estimate the effect of an allocation policy change.

MATERIALS AND METHODS

Study Design
This study used data from 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 Organ Procurement and Transplantation
Network. LSAMwas implemented to simulate 1 year of liver
transplants before and after implementation of the Share
35 policy. LSAM projections were compared with observed
outcomes before and after the policy change. Observed data
were extracted from SRTR standard analysis files for 2 pe-
riods, each covering 1 year pre- and post-Share 35 implemen-
tation on June 18, 2013. Although several years have passed
since the policy change, observed data were limited to 1 year
after Share 35 implementation to provide the most reliable
estimation of the effects of the policy change. The Health
Resources and Services Administration, US Department
of Health and Human Services, provides oversight of the
activities of the Organ Procurement and Transplantation
Network and SRTR contractors.

Details of the simulated modeling process using the LSAM
software have been described.13 Briefly, LSAM produces
simulation results based on 3 components: (1) input data
(ie, liver transplant candidates [existing candidates and new
arrivals for a given year], donor organ arrivals, and changes
in candidate status) and (2) rules and definitions (ie, allocation
rules [current or proposed], ABO compatibility, and geo-
graphic definitions), to which (3) probability models (ie, organ
Copyright © 2018 Wolters Kluwer
acceptance and posttransplant survival) are applied. Candi-
date status is incorporated using a time-ordered input stream
to describe changes to each candidate’s medical conditions
and listing statuses that would occur if the candidate did not
undergo transplant. Candidates’medical condition can improve
or deteriorate (also reflected as changes in MELD), or a candi-
date may die, leave the system, become temporarily inactive,
or resume active status before undergoing transplant. Because
the time of graft offer cannot be predicted, each candidate
is included in the model from the time of listing until the first
of death or the end of the simulated period.

The input data set used for this analysis consisted of liver
transplant candidates on the liver transplant waiting list at
any time between January 1, 2010, and December 31, 2010,
and all organs offered during that same period. Using the same
input file and probability models, pre- and post-Share 35 sim-
ulations used organ allocation priorities depicted in Table 1.
LSAM simulations were repeated 10 times, each time ran-
domly varying donor and candidate arrivals for each scenario;
the mean and range of values are reported.

Data Analysis
The outcome parameters evaluated in the comparison be-

tween LSAM projections and the observed data included
(1) number of organs recovered (transplanted and discarded),
(2) proportions of organs transplanted within local, regional,
or national geographic distributions, and (3) transplant rates
and waitlist mortality rates (per 100 waitlist years). The
transplant and waitlist mortality rates were stratified by sta-
tus and MELD. Although additional outcome variables can
be considered with LSAM, the study focuses on transplant
rates and waitlist mortality rates, as these were the motivat-
ing factors for the Share 35 policy change. LSAM estimates
in the observed direction of change and good agreement with
observed values, subject to random variation, were considered
accurate. We understand that this definition is subjective, but
we believe it provides an appropriate degree of clinical mean-
ingfulness. Unfortunately, traditional hypothesis tests cannot
be applied directly to Monte Carlo simulation results, so
we are unable to provide P values comparing simulated and
observed data.15
RESULTS

Observed Data: 2010 Input and Pre- and Post-Share 35
The candidate and donor characteristics of the LSAM in-

put data set and the observed characteristics 1 year before
and after Share 35 were similar (Table 2). Candidate age,
sex, and etiology of liver disease, and donor age, sex, height,
and cause of death were comparable between the LSAM in-
put data set and observed values. The proportion of donation
after circulatory death donors did not differ significantly be-
tween cohorts. Given the stability in candidate and donor
characteristics over the span of a few years, using the 2010 in-
put data in LSAM is reasonable.

Organs Recovered, Transplanted, and Discarded
In the LSAM projection, the number of organs recovered

was predetermined based on the input data. LSAMpredicted
an increase in the number of accepted organs and a decrease
in the number of discarded organs (Figure 1). The acceptance
rate would increase from 90.7% to 91.1% and the discard
 Health, Inc. All rights reserved.
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TABLE 1.

Comparison of liver transplant allocation priority before
and after implementation of Share 35

Priority Pre-Share 35 Share 35

1 Local status 1 Local status 1
2 Regional status 1 Regional status 1
3 Local MELD ≥ 15 MELD ≥ 35, local candidates

ranked above regional
candidates at each level
of MELD score

4 Regional MELD ≥ 15 Local MELD ≥ 15
5 Local MELD < 15 Regional MELD ≥ 15
6 Regional MELD < 15 National status 1
7 National status 1 National MELD ≥ 15
8 National MELD Local MELD < 15
9 Regional MELD < 15
10 National MELD < 15
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rate would decrease from 9.3% to 8.9% pre- and post-Share
35 (P = 0.43).

The observed data also showed an increase in organ accep-
tance and a decrease in organ discards. The acceptance rate
TABLE 2.

Candidate and donor characteristics of the LSAM cohort and ob

LSAM input (2010)

Candidate
Age: mean, y 53.0
Female, % 38.1
MELD at registration, %
>35a 4.3
25-34 6.5
15-24 31.1
<15 58.2

Diagnosis
Noncholestatic 68.9
Cholestatic 8.7
Malignancy 7.2
Metabolic 1.9
Fulminant hepatic failure 3.5
Biliary atresia 1.7
Other 7.9

Donor
Age, mean, years 39.4
Female, % 40.7
Height, cm 167.7
Cause of death, %
Natural causes 39.3
MVA 16.9
Suicide 9.5
Homicide 6.5
Non-MVA 9.1
Child abuse 1.3
Other 17.4
DCD, % 6.0

DCD, donation after circulatory death; MVA, motor vehicle accident.
a Status 1A/1B included in MELD > 35.
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increased from 89.9% to 90.5% and the discard rate de-
creased from 10.1% (678/6706) to 9.5% (665/7026) with
Share 35 (Figure 1).

Regional Sharing
LSAMprojected an increase in regional sharingwith Share

35 from 28.6% to 33.5%; observed data showed an increase
from 20.4% to 31.8% (Figure 2). LSAMalso projected an in-
crease in national sharing from 4.3% to 6.9%. This was in
the same direction as the observed change, although the
magnitude of observed change was smaller than predicted.
Finally, with increases in regional and national sharing,
LSAM projected decreases in the proportions of organs
locally transplanted. The actual impact of Share 35 on
local organ use was somewhat larger than LSAM’s predic-
tion; the predicted reduction was 7.6 percentage points and
the observed reduction was 11.6 percentage points.

Transplant Rates
LSAM projected a 46% increase in transplant rates for

candidates with MELD scores 35 or above, from 862 to
1258 transplants per 100 waitlist years; a 36% increase from
1086 to 1478 was observed (Table 3). In general, LSAM
underestimated transplant rates both before and after
served values 1 year before and after Share 35

Pre-Share 35
(June 2012-June 2013)

Post-Share 35
(June 2013-June 2014)

55.9 55.2
37.6 37.2

4.3 4.7
8.1 9.0
33.9 34.9
53.7 51.5

71.3 71.7
8.2 7.9
8.5 8.9
1.9 2.0
3.0 2.6
1.6 1.7
5.4 5.2

39.7 39.7
40.4 41.0
167.8 167.9

45.3 44.3
15.9 16.0
9.7 10.1
6.1 4.9
9.6 10.7
0.9 1.0
12.6 13.1
5.8 6.6

ealth, Inc. All rights reserved.



FIGURE 2. Organ sharing before and after Share 35. LSAM pre-
dictions of increased regional and national sharing of organs with
a concurrent decrease in locally transplanted organs were consistent
with observed results with Share 35.

FIGURE 1. Organ disposition before and after Share 35. LSAM
projected an increase in the number of accepted organs with Share
35, consistent with observed data.
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Share 35 across all MELD categories. However, the projected
direction of change in transplant rates in eachMELD category
was consistent with observed data.

Waitlist Death Rates
LSAM projected a slight decrease in waitlist death rates

for candidates withMELD scores 35 or above, from 105 to
100 deaths per 100waitlist years; a decrease from 157 to 143
was observed (Table 4). In general, LSAM overestimated
death rates in candidates with listed MELD scores 25 to 34.
LSAM did not predict a notable change in death rates for
candidates with MELD scores 15 to 24, consistent with
observed data.

DISCUSSION
In this study, we compared LSAM projections with actual

results of Share 35 policy implementation. Although the pro-
jections did not exactly match the observed results, LSAM
correctly predicted the direction of change for virtually all pa-
rameters considered, including number of discarded organs,
regional sharing, waitlist mortality, and transplants. Our
results validate LSAM predictions with an observed cohort
after a major organ distribution policy change.

Predicting the effect of organ allocation policies can be
challenging given the complexity of transplantation. At any
givenmoment, there are numerous changes in inputs (waitlisted
candidates, new candidates, donated organs), candidate status
(removal from the waiting list, inactivation, death, etc.), and
transplant practices (organ allocation and acceptance).13,14,16

Allocation simulation offers a practical way to represent this
dynamic system and inform much-debated policy changes.
Such simulations have been performed for years, first with
the University of Pittsburgh’s contract with CONSAD Re-
search Corporation in 1993 to demonstrate the importance
of broader sharing, subsequently with the United Network for
Organ Sharing liver allocation model from 1995 to 2001, and
most recently with LSAM.1,14,16

In its initial application, LSAMcorrectly predicted changes
in transplant rates andwaitlist mortality with the inception of
MELD in 2002. In that study, Thompson et al13 compared
simulation models with historical data from 6 months
after MELD implementation and found that the direction of
projected change was the same as observed, but LSAM es-
timates were more conservative, similar to our findings.
Copyright © 2018 Wolters Kluwer
Importantly, LSAM cannot predict changes in organ sup-
ply and human behavior resulting from policy changes.
For example, LSAMpredicted an increase in regional sharing
of organs with Share 15; however, this was not observed, as
transplant centers increased applications for MELD excep-
tion points and organs remained local.17 More recently,
LSAM has been used to predict the effects of national Share
15 and regional sharing for highMELD scores at various cut-
off points. The greatest reduction in waitlist mortality with
the least distance traveled between donor hospital and trans-
plant center was found with a national Share 15 and regional
35-32-29 policy.18

In the present study, LSAMcorrectly predicted the direction
of change in most outcome categories of interest, although the
magnitude of change was smaller than observed; that is,
LSAMpredictions were conservative in most cases. For exam-
ple, LSAM underestimated transplant rates across all MELD
categories with Share 35 but correctly predicted approxi-
mately 400 more transplants per 100 waitlist years among
candidates with MELD scores 35 or above. The overestima-
tion in transplant rates predicted by LSAM is likely due to the
fixed organ supply built into the simulation. In the observed
data, an increase in organ supply was noted after Share 35,
which affected the overall magnitude of change in transplant
rates (Figure 1). This change in organ supply is not possible
to predict. Similarly, LSAM predicted that waitlist mortality
would decrease in candidates withMELD scores 35 or above,
and the observed mortality reduction was greater than pre-
dicted. LSAM also overestimated waitlist death rates
across all MELD categories. Due to numerical differences
in projected and expected rates, comparing LSAM simula-
tions with other LSAM simulations (ie, before and after
Share 35 simulations) is often more informative than com-
paring a simulation with observed data, as projected trends
are more reliable than exact rates.

LSAM is a Monte Carlo simulation of the liver transplant
allocation system. Two main classes of prediction error are
made by this type of simulator: Monte Carlo error resulting
from the random variation in inputs and random number
generation, and bias resulting from the assumptions required
to simplify a complex system and make it tractable for simu-
lation. We addressed Monte Carlo error by running each
simulation 10 times and taking the average result; this gives
 Health, Inc. All rights reserved.
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TABLE 3.

Transplant rates by status (transplants per 100 waitlist years)

LSAM Direction of change Observed

Pre-Share 35 Share 35 LSAM Observed Pre-Share 35 Share 35
Status 1A 5638.8 (5357-5803.8) 5915.7 (5597.7-6323.7) ↑ ↑ 4960.8 5217.8
Status 1B 529.1 (406.5-678.7) 518 (448.2-562.8) ↓ ↓ 981.7 695.4
MELD/PELD ≥ 35 862.3 (834–909) 1258.4 (1199.1-1342.8) ↑ ↑ 1085.5 1478.4
MELD/PELD 30-34 396.8 (380.4-414.7) 393 (375.9-416.9) ↓ ↓ 463.6 312.6
MELD/PELD 25-29 136 (132.5-139.5) 135.1 (131.9-140.1) ↓ ↓ 145.8 137.3
MELD/PELD 15-24 28.9 (27.9-29.4) 28.6 (28.3-29.1) ↓ ↓ 44.3 38.2
MELD/PELD < 15 0.3 (0.3-0.3) 0.1 (0.1-0.1) ↓ ↓ 1.8 1.6

PELD, pediatric end-stage liver disease.
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us confidence that our reported results are not the product of
a single unlikely set of random number draws. Simplification
bias is more difficult to address because many of the sim-
plifications are important features of the simulation. For
instance, we assume that offer acceptance behavior is the
same at every transplant program in the country. This is
certainly not true in practice, but we believe it would be a
mistake to attempt to model each program’s acceptance
practices individually; practices may change year to year
as staff and circumstances change, and data to construct
such a set of models would be quite limited in most cases.
Instead, we use a single average model of acceptance behav-
ior trained on match runs from across the country. These
types of simplifying assumptions introduce some bias into
the model predictions but they make the model better
suited to simulate general outcomes under arbitrary proposed
allocation rules.

Our study has several limitations. First, as noted above,
LSAM does not account for changes in listing or acceptance
behavior, both of which can significantly affect mortality
and transplant rates. This is an important part of targeting
the simulation to the effects of allocation policy change.
Recent studies have evaluated changes in organ acceptance
patterns and transplant characteristics with the implemen-
tation of Share 35.19-22 These studies indicate an increase
in organ offers for patients with MELD scores above 35 but
with lower acceptance rates, possibly indicating the desire for
improved donor-recipient matching. Despite the conceivably
more aggressive behavior in accessing organs, donor liver
quality assessed by the donor risk index remained the same
before and after Share 35. Although national transplant rates
increased for patients with MELD scores above 35, less than
one quarter of transplant programs accounted for nearly two
TABLE 4.

Waitlist death rates by status (deaths per 100 waitlist years)

LSAM

Pre-Share 35 Share 35
Status 1A 457.7 (359.1-528.7) 502.1 (378.6-653.4)
Status 1B 47.1 (30.5-65.1) 44.8 (22–61.7)
MELD/PELD ≥ 35 105.1 (94.3-112.6) 100.1 (88.6-109.5)
MELD/PELD 30-34 28.6 (25.6-34.4) 29.4 (26.6-32.4)
MELD/PELD 25-29 8 (7.2-8.4) 8 (7.5-8.5)
MELD/PELD 15-24 3.4 (3.2-3.5) 3.3 (3.2-3.4)
MELD/PELD < 15 0.5 (0.4-0.5) 0.5 (0.5-0.5)

Copyright © 2018 Wolters Kluwer H
thirds of this increase. Importantly, these programs were not
concentrated in regions where the median MELD at trans-
plant is above 35. The programs that experienced a marked
increase in transplants saw a concurrent increase in new list-
ings of candidates with MELD above 35, predominantly
young patients with alcoholic liver disease.22 These program-
specific changes in listing patterns that undoubtedly occur
with allocation policy changes cannot be predicted with
even the most mathematically sound simulation model. In
the future, LSAM findings in conjunction with findings
from behavioral economists, who have expertise in deci-
sion making under risk, may better inform these effects of
policy change.23 Second, LSAM does not predict outcomes
on a geographic basis because key model components are
based on national probabilities. This helps LSAM model
potential changes in the areas of organ distribution. Addi-
tionally, LSAMwill never be able to predict future changes
in organ supply, but variability in the supply is added
through the donor generator. Lastly, LSAM predictions
are based on data from 2010, which was the data cohort
used for the original modeling of Share 35 during the policy
development process. The durability of our results based on
this data set is limited, especially in light of changes in donor
pool characteristics from the opioid epidemic, listing prac-
tices, and emergence of liver transplant programs.24 An up-
date to the LSAM input is currently underway to include
data up to June 2016 with a 5-year cohort. This updated ver-
sion of LSAM is expected to be publically available in 2017.

As noted byWashburn et al,20 potential behavioral changes
should be a part of the discussion during policy development
but should not necessarily determine the fate of a good policy.
While LSAM is not perfect at predicting the magnitude
of change apolicy brings about, it canhelp guidewell-intentioned
Direction of change Observed

LSAM Observed Pre-Share 35 Share 35
↑ ↓ 541.5 395.6
↓ ↓ 44.6 43.5
↓ ↓ 156.8 142.8
— ↑ 15.5 18.2
↓ ↑ 6.4 7.1
— — 5.5 6.1
↓ ↓ 2.6 2.6

ealth, Inc. All rights reserved.
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policy proposals. In conclusion, our results indicate that
LSAM offers insightful information on the potential impact
of organ allocation policies and support its use to test proposed
strategies for changing organ allocation and distribution.
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