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Abstract

Since the National Organ Transplant Act of 1984, the nurabgeople receiving organs each year has increased
[1]. Unfortunately, the number of donations has not kgpwith the number of patients needing them, resultiray i
severe shortage of organs [1]. This requires that we alacgans as efficiently as possible. Currently in the,U.S
organs are allocated at a local, regional, and national levehirotder depending on patient-organ matches. In this
paper, we consider the effect of region design on toted-inegional liver transplants and formulate it as a set-
partitioning problem.
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1. Introduction

The tenth leading cause of death among adults in the UnitdesSt end-stage liver disease (e.g., chronic liver
disease and cirrhosis) [2]. Over 25,000 people died fhisrin 1998. Presently, the only recourse for suctemist

is to receive a liver transplant. Fortunately, patientsnabst any stage of their disease can receive a liver transplant
and expect an 80% — 90% chance of a five-year survival [R)afortunately, liver transplantation is costly and is
limited by the supply of viable donor organs [5]. 1899, approximately 4,700 people received a liver tramspl

[6], but the number of patients who have died each year whiling/dor a transplant has increased from 196 in
1988 to 1,317 in 1999. Though the pool of availablewsghas more than doubled in the last 10 years from 1,800
in 1988 to 4,900 in 1998 it still has not been ablkaep pace with demand. The number of patients registered wit
the United Network for Organ Sharing (UNOS) for livertsplant has increased from 616 in 1988 to over 16,000 in
1999.

Due to the severe shortage of organs available for tranafamtorgan allocation is a critical component of the
transplantation process and is central to the current policyedebdhis topic. Livers are allocated hierarchically at
a local, regional, and national level (see Figure 1).

Figure 1. Current Allocation Scheme



There are 62 local areas, each represented by one organ procuweyaaigiation (OPO) (see Figure 2).
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Figure 2. Current OPO Map [1]

The country is also divided into 11 regional areas (sea&&ig).
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Figure 3. Current Region Map [6]
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Presently, when a donated liver becomes available in an aré&aP@eovering that area is responsible for
obtaining the liver and preserving it for transplantatidine OPO then contacts UNOS to check the patient waiting
list in the OPO area to determine if there is an appropmateh. If no match is found, UNOS then considers the
regional level. Finally, if no match is found at the regidavel, the organ is offered to any U.S. patient wheo is
good match for the organ.

In addition to increasing the number of successful transplamother goal of UNOS is to have an equitable
allocation scheme [6]. The notion of fairness, thouglopisn to debate. Some feel it means equalizing the wait
times among patients with similar medical conditions, mlgas of geographic location. However, when
considering the travel time and medically acceptable cold ischamggtime from when blood stops flowing to the
donor organ until the time when the recipient’s blood stotwing to it), this may not be a good idea. Another
fairness consideration is increasing transplant accesdrorities and the poor [1].

2. Problem Solutions

There are many approaches to extending the lives of patientmgvéir a liver transplant. Living donor
transplantation is a growing practice whereby a living relativigiend offers a patient a portion of his or her liver.
Other areas of research may include xeno-tranplantation (armmalirhan organ transfer) or development of
machines to assist in organ and patient survival (as ircdke of dialysis machines for kidney patients). As



industrial engineers and operations researchers, we fodogooving the allocation process. This too can be done
in different ways. For example, we could research the #igorfior matching patients and livers and determine the
best way to evaluate potential matches. Also, we could rielewribe hierarchical method of searching locally, then

regionally, then nationally. Perhaps an organ should gosto the most urgent patient in the country (while

considering travel time in the decision), regardless of @D obtained the organ.

In our research, we try to improve the allocation processeatgional level. Specifically, we want to develop a set
of regions that maximizes the total expected intra-regioaasplants. We considered two strategies in our analysis.
First, we employed a strategy where the number of transmggidgns was constrained to 11 as with the current
system. This was to examine the hypothesis that the twystem is optimal when the number of regions is
designated as 11. Second, we examined a strategy where the wfimgdagons is unrestricted in order to find the
overall optimal solution. In addition to performingg analysis for the general problem, we considered thenmnot
of fairness and then reformulated the problem.

2.1 General Problem

For the purposes of this analysis we modeled the countrynaswvork. In this model, OPOs represented the nodes of
the network and an arc joined two contiguous OPOs. Seassumptions were made. First, a region was defined as
a set of no more than 9 contiguous OPOs. Second, as durtent system, an OPO was only allowed to supply one
region. We also assumed that the number of intra-ORSpiants was independent of the region. This allowged

to focus our analysis on the number of organs flowioghfan OPO to the other OPOs in its region. Our current
research does not consider organs reaching the national lewblusnge assumed that any organ that did not match
at the local level would match at the regional level. Furthesmee assumed that the probability a liver is sent to
another OPO in the region is independent of travel timedapénds only on the ratio of the OPO population to the
region population. This is the crux of the problem--wentvo balance region size with cold ischemia time by
considering the likelihood a liver is functional once it rescthe various OPOs in the region. We model this with a
decay function based on distance.

Ouir first step was to identify all possible region cgufations. We used a depth-first search algorithm, reguHin
over 450,000 possible regions. For each region thecteg number of intra-regional liver transplants was
evaluated by considering OPO populations, OPO donatmimapilities, and the decay of the liver as a function of
distance between OPOs. A binary integer program was soledhese regions to maximize the total number of
intra-regional liver transplants. Because we assumed each Ot@erpart of exactly one region, our problem was
a set-partitioning problem.

2.2 Fairness

After obtaining results for the problem of strictly maxaing total intra-regional transplantations, we incorporated a
measure of fairness into our analysis. We chose to measurestairom the perspective of an OPO, and defined it
as the expected number of organs flowing into the OPO.added another decision variabke, to the problem
with objective coefficientp and added constraints ensuring that each OPO had a fairnessenwastuleasta .

The value of p determines how much of the solution is weighted towardadss versus maximizing total intra-
regional transplantations.

3. Problem Formulation

3.1 General Problem Formulation

Let m be the number of OPOs in the U.S. artoe the number of hypothetical regions containing up to @OFo
formulate this problem, we introduce binary decision variaklasherex. = 1 if region r is chosen, and = 0
otherwise. Every constraint matrix coefficiegt(i=1,2,...m and r=1,2,...,n) also takes on values of 0, arhere

a, = 1 if regionr contains OPQ, anda, = 0 otherwise. Each objective function coefficietit, measures the
expected number of intra-regional, inter-OPO liver tréargg.

Hence, the formulation is as follows:
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The above formulation is a typical set-partitioning fatation. As mentioned above, in the current UNOS system
the number of regions is designated as 11. Hence, we aldghedollowing constraint to restrict the number of

regions to 11.
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3.2 Fairness M easur e Formulation
Using the notation we defined in the previous sectioaformulation considering fairness is as follows:
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wheref;, is the measure of fairness. Specificdllyis the expected number of livers flowing to OPO i frotiner
OPOs within region r. When the number of regionsstriaed to 11, we also include Equation (4) in our
constraints.

4. Future Considerations

One of the assumptions we made in our model was thaiannemist consist of no more than 9 contiguous OPOs.
If we allowed a region to contain up to 10 contiguo®®08, the number of possible regions increased from around
450,000 to about 1.4 millionCurrent computing limitations prohibit the exact solutof this problem. We hope to
come up with a good heuristic to allow for a region to haeee than 9 OPOs grouped together. By expanding the
set of possible regions, we are likely to improve olutgm.

We also plan on considering the transplantations at the ahterel. Once an organ does not match at the OPO
level, we ideally want to set up the regions to maximize ttad itatra-regionaplus national transplantations. This
will lead us to figure out the probability an organ daes match at the regional level and then to determine the
likelihood of it going to various areas of the countayside the region. While considering national transplamsatio

is not possible within the current set partitioning mpded plan to investigate approximations that would allow us
to retain the set partitioning structure.

We also want to devote more research to developing an acdexatg function based on cold ischemia time. We
performed sensitivity analysis based upon different funatioelationships between distance and liver survival.
With more data, we should be able to choose an accurate funetiimg these two measures. We are currently
performing a meta-analysis to determine this relationship [7]

In the future, we will also consider other measures of éasrsuch as transplant access for people of various races
and socioeconomic status. Since some OPOs cover large ageasyvalso consider fairness from the perspective



of different locales within the OPO. Then we can evaluatpadiities in waiting time for people with similar
medical conditions living in different parts of the coyntr

Researchers at the University of Pittsburgh are currelgeloping a simulation of the current liver allocation
process [8]. Once the development is complete and the sionutatidel is validated, we will use it to test some of
the proposed region designs. Note that we have assumed cam@snirt our formulation to be deterministic (e.qg.,
the objective coefficients and the decay function). A sophi®td simulation model will allow us to see if this
approximation is sufficient.
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