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RENAL TRANSPLANTATION HAS

emerged as the treatment of
choice for medically suitable
patients with end-stage renal

disease.1 More than 60 000 patients await
kidney transplantation and are listed on
the United Network for Organ Sharing
(UNOS) recipient registry.2 Live donor
renal transplantation represents the most
promising solution for closing thegapbe-
tween organ supply and demand.

Unfortunately, many patients with
willing live donors will be excluded
from live donor renal transplantation
because of blood type incompatibility
or positive donor-specific crossmatch.
Based on blood type frequencies in the
United States, there is a 35% chance that
any 2 individuals will be ABO incom-
patible. Furthermore, 30% of the pa-
tients awaiting donation from the
UNOS recipient registry are sensitized
to allo-HLA due to previous trans-
plants, pregnancies, or blood transfu-
sions. While successful desensitiza-
tion techniques have been developed to
overcome incompatibilities, these have
been limited to specialized programs
and are very resource intensive.3-10

Kidney paired donation (KPD) of-
fers an incompatible donor/recipient
pair the opportunity to match with an-
other donor and recipient in a similar
situation.11 In the United States, these
transplantations are currently per-
formed at few institutions, with matches
identified through local or regional pa-

tient databases.2,4,12 However, even with
the increasing popularity of KPD, only
51 patients have received transplants via
paired donation, with nearly half of
them performed at Johns Hopkins Uni-
versity.2 UNOS has recently proposed
a national live donor KPD program
through the Organ Procurement and
Transplantation Network, but regula-
tory obstacles to a national program still
exist (including the question of “valu-
able consideration”); therefore, no data
exist regarding the impact of national
vs regional programs.12,13 Because it is

critical to find the most effective method
of matching patients and donors at the
outset, before any national strategy is
implemented, we investigated virtual
paired donation programs on simu-
lated patient populations.
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Context Blood type and crossmatch incompatibility will exclude at least one third of
patients in need from receiving a live donor kidney transplant. Kidney paired donation
(KPD) offers incompatible donor/recipient pairs the opportunity to match for compatible
transplants. Despite its increasing popularity, very few transplants have resulted from KPD.

Objective To determine the potential impact of improved matching schemes on the
number and quality of transplants achievable with KPD.

Design, Setting, and Population We developed a model that simulates pools of
incompatible donor/recipient pairs. We designed a mathematically verifiable opti-
mized matching algorithm and compared it with the scheme currently used in some
centers and regions. Simulated patients from the general community with character-
istics drawn from distributions describing end-stage renal disease patients eligible for
renal transplantation and their willing and eligible live donors.

Main Outcome Measures Number of kidneys matched, HLA mismatch of matched
kidneys, and number of grafts surviving 5 years after transplantation.

Results A national optimized matching algorithm would result in more transplants
(47.7% vs 42.0%, P�.001), better HLA concordance (3.0 vs 4.5 mismatched anti-
gens; P�.001), more grafts surviving at 5 years (34.9% vs 28.7%; P�.001), and a
reduction in the number of pairs required to travel (2.9% vs 18.4%; P�.001) when
compared with an extension of the currently used first-accept scheme to a national
level. Furthermore, highly sensitized patients would benefit 6-fold from a national op-
timized scheme (2.3% vs 14.1% successfully matched; P�.001). Even if only 7% of
patients awaiting kidney transplantation participated in an optimized national KPD pro-
gram, the health care system could save as much as $750 million.

Conclusions The combination of a national KPD program and a mathematically op-
timized matching algorithm yields more matches with lower HLA disparity. Opti-
mized matching affords patients the flexibility of customizing their matching priorities
and the security of knowing that the greatest number of high-quality matches will be
found and distributed equitably.
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We believe that KPD is a cost-
effective and underused method of pro-
viding transplants to the large number
of patients with incompatible donors.
Centers that perform KPD currently use

a “first-accept” matching scheme. Us-
ing local/regional databases, an incom-
patible donor/recipient pair is matched
with the first compatible pair identi-
fied, the individuals’ listings are re-

moved from the pool, and they are pro-
vided with transplants. The pairing
identified and removed from the pool
might not be the best solution for either
the 2 pairs involved or the other pairs in
the KPD program pool. Inefficient
matching algorithms are likely limiting
the number and quality of matches that
can be identified.

We developed a model that uses
simulated pools of incompatible donor/
recipient pairs to determine if alterna-
tive matching algorithms might in-
crease the number and quality of
matches that can be found in a small
(regional) or large (national) pool.

METHODS
Simulated Sample Size

Since there are no direct data regard-
ing the incompatible donor/recipient
pool that would enter a national KPD
program, we simulated patient pools us-
ing probability models and UNOS data
(TABLE 1) (BOX 1). According to a
model reported by Zenios, at least 884
new incompatible donor/recipient pair-
ings will occur yearly.15,16 This model
incorporates the genetic linkage of po-
tential related pairs, the social net-
work of unrelated pairs, blood type dis-
tributions, blood type compatibility,
and predicted rates of positive cross-
match. Assuming 15% of incompat-
ible pairs will seek transplantation by
other modalities, approximately 750
patients could enter a KPD program
yearly. Assuming the average waiting
times for identifying an appropriate
deceased donor, there are approxi-
mately 4000 recipients with incompat-
ible donors listed on the UNOS recipi-
ent registry who could enter a KPD
program initially and then 750 each
subsequent year.2

Simulated Patient Characteristics

Recipients were simulated by blood
type, race, and region according to the
model reported by Zenios15 and distri-
bution of data from the UNOS de-
ceased donor kidney waiting list.2 Two
HLA-A, B, and DR antigens were as-
signed to each recipient based on the
race-specific distribution among recipi-

Box 1. Characteristics of Simulated Donor/Recipient Pairs

Region and Percentages of Patients*†

1 (3.6%): Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island

2 (15.0%): Delaware, District of Columbia, Maryland, New Jersey, Pennsylvania,
West Virginia

3 (12.3%): Alabama, Arkansas, Florida, Georgia, Louisiana, Mississippi, Puerto Rico

4 (7.2%): Oklahoma, Texas

5 (23.1%): Arizona, California, Nevada, New Mexico, Utah

6 (2.3%): Alaska, Hawaii, Idaho, Montana, Oregon, Washington

7 (8.8%): Illinois, Minnesota, North Dakota, South Dakota, Wisconsin

8 (3.9%): Colorado, Iowa, Kansas, Missouri, Nebraska, Wyoming

9 (8.5%): New York, Vermont

10 (6.7%): Indiana, Michigan, Ohio

11 (8.6%): Kentucky, North Carolina, South Carolina, Tennessee, Virginia

Race‡

Recipient: conditioned on ABO type

Donor: race is identical to recipient race with 90% probability; otherwise donor
race distributed according to UNOS waiting list

HLA§

Race-specific distribution of HLA antigens among recipients in the UNOS registry

Sensitization†

14% highly sensitized

Donor age, y�

18-34: 36.8%

35-49: 45.4%

50-64: 16.8%

�65: 1.0%

Abbreviation: UNOS, United Network for Organ Sharing.
*Detail of regional boundaries acquired from UNOS Web site.
†Based on UNOS waiting list.2

‡Based on UNOS waiting list2 and assumption.
§Based on Leffell et al.14

�Based on UNOS living donors.2

Table 1. Blood Type Characteristics of Simulated Donor/Recipient Pairs*

Blood Type

Patients, %

Donor O Donor A Donor B Donor AB

Recipient O 14.0 37.8 12.0 2.0

Recipient A 6.3 6.8 5.1 2.8

Recipient B 2.4 6.1 1.2 2.1

Recipient AB 0.5 0.5 0.2 0.1
*Based on the Zenios model.15
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ents in the UNOS registry.14 Finally,
consistent with the incidence of highly
sensitized patients (panel reactive an-
tibodies �80%) on the current UNOS
waiting list, 14% of recipients were
marked as highly sensitized.2

Donors were similarly assigned with
blood type determined by the Zenios
model.15 For the analyses described
here, we assumed each donor and re-
cipient were from the same region and
that 90% of donors were of the same
race as the recipient. This is consis-
tent with our institutional experience
of live donor renal transplantation. The
remaining donors (10%) were as-
signed other races based on blood-
type specific distribution of race in the
UNOS registry of live kidney donors.2

Donors were given an age grouping
based on age distributions from the
UNOS registry, and HLA antigens were
assigned based on the race-specific dis-
tribution among donors in the UNOS
registry, as determined by Leffell et al.14

Matching Algorithms

An optimized algorithm based on the
Edmonds algorithm from graph
theory17,18 (FIGURE 1) was imple-
mented using a personal computer
and compared with the current first-
accept method of kidney matching.12 In
brief, the first-accept scheme scans a da-
tabase of donor/recipient pairs and iden-
tifies 1 feasible solution (BOX 2). An op-
timized algorithm considers every
feasible solution from the donor/
recipient pool, compares these solu-
tions, and picks the one that best meets
a set of individualized optimization pri-
orities, modified by a predefined opti-
mization bonus. For example, with a
pool of 1000 donor/recipient pairs, the
currently used first-accept method
evaluates only 1 solution, while the op-
timized algorithm considers approxi-
mately 10250 feasible solutions before it
picks the best one. The optimized al-
gorithm used in this study has been
mathematically proven to yield the best
possible solution for any given sets of
priorities.17,18 (For additional informa-
tion and a demonstration, see http:
//www.optimizedmatch.com)

Crossmatch Handling
Although many groups have tried, pre-
dicting crossmatch outcomes is diffi-
cult.19-22 The published probability of a
positive crossmatch between 2 strang-
ers is 11%.16 Unsensitized patients in this
model were given an 11% chance of a
positive crossmatch with any random
donor; highly sensitized patients are
much more likely to have a positive
crossmatch and were considered only if
there were 0 or 1 HLA mismatches with
the proposed donor.

Since a paired donation is not ulti-
mately plausible unless a crossmatch is
performed, and since this information
is not available before a KPD algo-
rithm is run, we report on a method for
incorporating the results of those cross-
matches into the algorithm in real-
time (Box 2).

Statistics

For every experiment, unless other-
wise indicated, we generated random
databases of 4000 donor/recipient pairs,
based on the simulated patient charac-
teristics described previously. Each
experiment was executed 30 times, each
time using a different simulated patient
database. Statistical significancebetween

numbers of pairs matched and num-
bers of surviving grafts was calculated
usingtheWilcoxonpairedsign-ranktest.
Because HLA mismatches are nonnor-
mal, statistical significancebetweenHLA
mismatches was calculated using the
Wilcoxon rank-sum test. Statistical sig-
nificance was defined as P�.05.

A sensitivity analysis was performed
to assess the impact of altered patient
characteristics on our projections. The
simulated patient characteristics were
varied and the effect on differences
between optimized and first-accept
matches was analyzed. We varied the in-
cidence of highly sensitized patients
(5%-20%), the racial makeup of the pool,
the percentage of donors who were of
the same race as their recipients (60%-
100%), and the regional distribution. Fi-
nally, the effect of donor and recipient
blood types was analyzed by applying 4
normal (mean, 1; SD, 0.25) perturba-
tions to the Zenios model.15

RESULTS
Comparison of Match Algorithms

We compared performance of the first-
accept and optimized algorithms
using a wide range of static database
sizes, ranging from 100 to 5000 pairs

Figure 1. Graph Theory Model of Donor/Recipient Nodes, With Links Indicating Compatible
Matches
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Each node represents an incompatible donor/recipient pair. A, The most links (13) are seen by pair 22, a blood
type A recipient and a blood type O donor who are both willing to travel. Pairs 31 and 38 have the same donor
and recipient types as pair 22, but see only 7 links each because these pairs are unwilling to travel outside of
their region. Pair 5 sees 3 links with a type O recipient (who is restricted to only type O donors) and a type A
donor. Pairs 6 and 35 also have the same blood type configuration as pair 5, but see only 1 link each because
pair 6 is unwilling to trade with older donors and pair 35 is unwilling to travel. B, By matching the strategically
wrong pairs without first considering all possible combinations of matches, many future possibilities are lost.
The same nodes and links from panel A are shown here after matching pair 22 with pair 38.
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(FIGURE 2). Optimization afforded a sta-
tistically significant advantage with re-
gard to the number of matches recog-
nized for all database sizes (P�.001). We
also studied the recognized matches in
terms of HLA antigen mismatch, which
has been shown in multiple studies to
correlate with crossmatch likelihood and

allograft outcomes.2,21,23-26 Matches iden-
tified by the optimized algorithm had sig-
nificantly fewer HLA mismatches when
compared with first-accept (P�.001).

Furthermore, we calculated the num-
ber of transplanted kidneys predicted to
survive 5 years following KPD using HLA
mismatch–based live donor transplan-

tation data from Opelz.23 Although HLA
mismatch is not the only predictor of
5-year graft survival, it is the only pre-
dictor that can be improved by better
matching algorithms. A significantly
higher number of recipients matched
through the optimized algorithm were
predicted to have functioning kidneys at

Box 2. Definitions and Descriptions of Matching Algorithms

Feasible Solution

A set of matches within a given pool of donor/recipient pairs, with patient-specified acceptance criteria and the obvious restric-
tion that no pair can be involved in more than 1 match.

Acceptance Criteria

Criteria required for a match between 2 donor/recipient pairs to be plausible. These can be selected by each donor/recipient
pair. For the experiments in this report:

(1) For all pairs, blood type compatibility would be required.

(2) For pairs with unsensitized recipients, donors would be accepted only of the same age donor group or younger, while for
pairs with sensitized recipients, donors of any age would be accepted.

(3) Pairs unwilling to travel would only be considered for matches within the same region.

(4) Highly sensitized recipients would only accept exchanges with 0 or 1 HLA antigen mismatch.

In some experiments certain criteria, such as willingness to travel, were individualized based on different estimates of patient
preference.

Optimization Priorities

When the optimized match algorithm searched for the best feasible solution, the highest priority was given to paired matches
with the fewest HLA mismatches. These priorities could be customized to the wishes of each individual donor/recipient pair.
For example, in some experiments the priority was modified to emphasize regional considerations. In these experiments, simu-
lated pairs preferred matches within their region even if the number of HLA mismatches increased.

Optimization Bonus

Bonus points could be awarded in the optimized algorithm to any disadvantaged group. For example, a bonus would be given
in some experiments to highly sensitized patients to maximize donor availability for hard-to-match patients.

First-Accept Match

This is the matching scheme that has been used by transplant centers currently performing kidney paired donation. A first-
accept match starts with the first incompatible donor/recipient pair on the list. The database is searched for any donor/recipient
pair that meets acceptance criteria as defined above. Both pairs involved in the first acceptable match are then removed from the
database and transplantation is arranged. Notably, these pairs are no longer available for consideration in other combinations,
even though they might have yielded better matches to other pairs. The next incompatible pair is then matched and removed
from the pool. This process is repeated until all identified matches are performed and no match opportunities remain in the
database. Optimization priorities and optimization bonuses are not applicable to a first-accept match.

Optimized Match

In our optimized algorithm, all possible combinations from the entire data set are considered at once. Each match in a particular
feasible solution is given a score based on the optimization priorities of the donor/recipient pairs and any optimization bonuses.
The scores for the entire combination of matches are summed. This process is repeated for every different feasible solution
(every different combination of matches possible) for the pool of donor/recipient pairs. The combination of matches that yields
the highest summed score is chosen, these matches are removed from the database, and the transplants are arranged.

Crossmatch Handling

An optimized match is used to identify the combination of matches with the highest number and quality. Crossmatch tests are
performed on all identified matches. Negative crossmatch matches are removed from the database and transplantation is ar-
ranged. The optimized match is run again on the pairs remaining in the database after adding back any positive crossmatch
pairings. This is repeated until all possible matches have been tested and crossmatched.

KIDNEY PAIRED DONATION
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5 years when compared with first-
accept (34.9% vs 28.7%; P�.001).

With a national database of 5000
pairs, a mean of 2394 pairings were pos-
sible using mathematical optimization
with an average of 3 mismatches,
whereas only 2110 pairs with an aver-
age of 4.5 mismatches resulted from the
currently used first-accept scheme
(P�.001). At 5 years, this would result
in 1666 predicted transplants surviv-
ing with optimized algorithm vs 1414
from first-accept (P�.001). The im-
provement in overall quality is high-
lighted by a 10-fold increase in 0 mis-
match (423 vs 41) transplants identified.

Initial and Yearly Benefit

We estimated that at least 4000 donor/
recipient pairs would initially partici-
pate in a KPD, as calculated by waiting
times for patients modeled by Zenios.15

We calculated the benefit of using an op-
timized algorithm for the initial ac-
crued pool, with a significantly greater
predicted number of grafts surviving at
5 years (1150 vs 1397; P�.001).

According to the Zenios model, we es-
timated that at least 750 new donor/
recipient pairs would participate in KPD
per year, or 250 every 4 months. To cal-
culate the recurring advantage af-
forded by an optimized algorithm, we
first eliminated the maximum number
of kidneys that could be matched from
the initial pool. Every 4 months, 5% of
the pool was assumed to seek transplan-
tation by means other than KPD and 250
new pairs were added to the pool. Op-
timized and first-accept algorithms were
compared over a 5-year period, ie, 15 it-
erations of dropouts and new pairs. The
optimized algorithm again outper-
formed first-accept with significantly
more matches (P= .02), better HLA con-
cordance (P�.001), and more grafts pre-
dicted to survive at 5 years (P�.001).

National vs Regional Matching

Local and regional KPD programs are
already in practice at a limited num-
ber of centers. A larger national pool of-
fers the possibility of a greater num-
ber and quality of matches. However,
this would require that the donor or re-

cipient of each incompatible pair re-
ceive the transplant at the same hospi-
tal as the matched partner or that
kidneys get transported between insti-
tutions. Local/regional programs would
reduce the distance that patients or or-
gans would have to travel. Transport-
ing kidneys may reduce some of the
benefits of live donor transplantation
by increasing cold ischemia time. Cur-
rently, no data are available on the trade
off between a larger national pool and
the requirement of a greater travel dis-
tance for patients or organs.

To identify the number of patients
who could benefit if matching were per-
formedusinganationaldatabase,wevar-
ied the number of pairs willing to travel
outside of their region between 0% and
100% (TABLE 2). A simulation with no
patients willing to travel represented a
strictly regional KPD program. Patients
who were willing to travel were consid-
eredforallpaireddonations,butmatches

within the region were preferred for all
patients. The patients required to travel
might be unmatchable within their
regions or might receive an advantage
in HLA matching quality.

More pairs would be matched if some
were willing to travel (P�.001). This
was observed with both strategies, but
the difference was more pronounced
with the optimized algorithm (mean,
1712 regional vs 1891 national; a gain
of 179) when compared with first-
accept (mean, 1544 regional vs 1673
national; a gain of 129). The improve-
ment derived by mathematical optimi-
zation when compared with the cur-
rent first-accept scheme was statistically
significant with regard to number of
pairs matched, HLA mismatch, and pre-
dicted number of grafts surviving at 5
years, no matter how many pairs were
willing to travel (P�.001). In fact, the
role of optimization was important
enough that greater benefit would be

Table 2. Patients Required to Travel for Potential Matches Using a National Matching
Scheme, Based on the Number of Patients Willing to Travel

Willing to Travel, %

First-Accept Patients, % Optimized Patients, %

Matched Required to Travel Matched Required to Travel

None 38.4 42.7

Sensitized 39.9 1.0 45.1 1.4

Sensitized �10 40.2 5.9 46.5 2.4

Sensitized �25 40.7 11.0 47.0 2.7

Sensitized �50 41.4 16.1 47.5 2.8

Sensitized �75 41.8 18.0 47.4 2.8

All 42.0 18.4 47.7 2.9

Figure 2. Potential Matches Using Mathematical Optimization Compared With the Currently
Used Practice of First-Accept Matching
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derived from a regional optimized al-
gorithm than a national first-accept
scheme (P=.002).

Travel Advantage

The benefit to the overall pool of pa-
tients of a national KPD program was
clearly shown. However, concerns re-
garding feasibility of a national KPD
program focus in part on the willing-
ness of donors and/or recipients to
travel outside of their regions.

To evaluate the potential individual
benefit of traveling to the unsensitized
patient, we compared match likelihood
and quality between unsensitized pairs
willing to travel and those unwilling to
travel outside of their region. No mat-
ter what fraction of pairs was willing to
travel, the optimized solution always
found more and better matches for those
willing to travel (P�.05).

Furthermore, the optimized solu-
tion could profoundly reduce the sub-
set of pairs that are actually required
to travel when compared with a first-
accept scheme (Table 2). Even if 100%
of pairs were willing to travel, only
2.9% of the pool would actually need
to travel in order to achieve the maxi-
mum benefit from an optimized algo-
rithm, as compared with 18.4% of the
pool required to travel in a first-accept
scheme (P�.001). In all cases, math-
ematical optimization would yield
more and better matches than first-
accept but require fewer pairs to travel
(P�.001).

Highly Sensitized Patients
The most challenging recipients are the
14% of UNOS registrants who have be-
come highly sensitized. Because these
patients harbor anti-HLA antibody, they
are harder to match, resulting in a me-
dian waiting time of 6.73 years for the
highly sensitized patient (panel reac-
tive antibodies �80%).2 This group of
patients would arguably derive the
greatest benefit from KPD due to the
increased chance of finding a negative
crossmatch donor. The cost of imple-
menting a transplant in 1 highly sen-
sitized patient after 6.73 years of wait-
ing and undergoing dialysis until a
negative crossmatch deceased donor or-
gan can be obtained is approximately
$485 038. Alternatively, immediate
transplantation with KPD followed
by 6.73 years of immunosuppression
costs only $204 738 (TABLE 3). Maxi-
mizing matches for these patients would
produce the greatest benefit to the
individual patient and reduce the
burden to the health care system. We
tested 2 modalities for improving
matches for this subgroup.

First, the effects of the method of
matching and willingness to travel were
evaluated with regards to highly sensi-
tized patients. In the current system of
first-accept regional matches, only 2.3%
of highly sensitized patients received
transplants in our simulation. How-
ever, if highly sensitized patients were
willing to travel nationally and math-
ematical optimization was used, 14.1%

of highly sensitized patients would be
successfully matched, a 6-fold increase
(P�.001). This increase in pairs matched
was lost with national first-accept (8.4%)
or regional optimized searches (5.3%).

Second, the effect of giving an opti-
mization bonus to highly sensitized pa-
tients was evaluated. This type of op-
timization is not possible using the first-
accept scheme. Using a national
optimized search as previously de-
scribed, 90 highly sensitized patients
found matches. This number rose to
132 when highly sensitized patients
were favored with a bonus in the opti-
mized algorithm (P�.001). No statis-
tical difference was seen in the num-
ber of unsensitized or overall matches
found. These findings demonstrate that
highly sensitized patients can benefit
from prioritization without a negative
impact on the overall pool.

Crossmatch Handling

Another criticism of KPD relates to fea-
sibility of crossmatching a national pool
of patients while executing a match-
ing algorithm. We evaluated our opti-
mized crossmatch handling algorithm
with regards to number of matches
identified, the quality of these matches,
as well as the predicted number of
crossmatch and iterations required. No
reduction was seen in the number of
transplants performed or HLA mis-
match when crossmatch was taken into
consideration. Furthermore, only 1.23
crossmatch tests were required for ev-
ery transplant performed, and an aver-
age of 6 (range, 5-8) iterations were re-
quired to complete the algorithm. This
shows that optimization is still logisti-
cally plausible in the context of real-
world crossmatch testing.

Sensitivity Analysis

For all of the variations in input data
described in the “Methods” section, the
difference between number of matches,
HLA quality, and number of trans-
planted kidneys predicted to survive
5 years following KPD was signifi-
cantly better using the optimized algo-
rithm when compared with a first-
accept scheme (P�.001).

Table 3. Per-Patient Analysis of Transplant Costs and Desensitization While Awaiting
Donation From the Deceased Donor List vs Kidney Paired Donation (KPD)

Recipient Type Years on Waitlist* Cost of Dialysis†
Cost of

Desensitization‡ Cost of KPD§

Highly sensitized 6.73 $485 038 $233 717 $204 738

Blood type O 4.85 $374 605 $201 544 $172 565

Blood type A 2.97 $264 172 $169 372 $140 393

Blood type B 5.48 $411 309 $212 237 $183 258

Blood type AB 1.63 $185 453 $146 439 $117 460
*Average years awaiting deceased donor donation are based on UNOS data.2
†Average per-patient cost of dialysis calculated according to Medicare payments of $58 758/year for dialysis, for the

number of years the average patient awaits a donation from the deceased donor waitlist, plus $89 508 for the cost
of transplantation and the first year of postoperative care.27

‡Average per-patient cost of desensitization calculated according to Medicare payments of $28 979 for desensitiza-
tion, $89 508 for transplantation and the first year of postoperative care, and $17 118/year of immunosuppression
for the number of years the patient would have awaited a donation from the deceased donor waitlist.27

§Average per-patient cost of a patient successfully matched through a KPD calculated according to Medicare pay-
ments of $89 508 for the cost of transplantation and the first year of postoperative care, and $17 118/year of immu-
nosuppression for the number of years the patient would have awaited donation from the deceased donor waitlist.27
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Cost Analysis
When compared with dialysis while
awaiting a transplant from the deceased
donor transplantation list, a live donor
kidney transplant offered through a KPD
provides a cost advantage as well as an
improvement in graft and patient sur-
vival. We have shown that KPD is less
expensive than dialysis or desensitiza-
tion for each type of recipient with a will-
ing incompatible live donor (Table 3).
The costs of various treatment options
for a pool of simulated incompatible do-
nor/recipient pairs were calculated for
only the patients matched using KPD
(TABLE 4) and for the entire pool
(TABLE 5). A mathematically optimized
algorithm not only increases the num-
ber of potential matches, but also saves
nearly $48 million over the currently uti-
lized first-accept schemes.

For a pool of 4000 potential recipi-
ents (�7% of the current UNOS regis-
try), nearly $750 million would be saved
by KPD compared with the cost of di-
alysis and deceased donor transplanta-
tion. The greatest cost savings would be
realized by a national system that of-
fered optimized KPD and desensitiza-
tion of all unmatched recipients.

COMMENT
Kidney paired donation is no longer just
a concept. The ethical and legal con-
cerns that once dominated the discus-
sion of KPD have given way to admin-
istrativeand logistical challenges inherent
in organizing complex cooperative pro-
grams between transplant centers.11,28,29

Local, state, and regional programs are
being introduced around the United
States. Despite this, only a relatively small
number of patients have benefited from
KPD to date. It is critical to the success
and public perception of KPD that care-
ful consideration be given to what im-
pact a local/regional vs national scheme
will have on the ability to make trans-
plants available to the greatest number
of patients both equitably and cost-
efficiently. Determining optimal alloca-
tion priorities and algorithms is abso-
lutely crucial to the smart proliferation
of KPD in the United States and the pre-
vention of a haphazard system that di-

minishes the impact of this promising ap-
proach to the organ shortage.

To study the effects of algorithmic de-
cisions and priorities on both local/
regional and national matching out-
comes, we created a computer program
to simulate databases of recipients and
their donors. First, the data show that
a national KPD program would pro-
vide a greater number and quality of
matches than local/regional schemes.
Even more significantly, these simula-
tions have shown that mathematically
verifiable optimization would further

increase the number and quality of
matches identified in any KPD cohort.
In fact, greater benefit would be de-
rived from adopting an optimized al-
gorithm on a regional basis than ex-
panding the currently used first-
accept algorithm to a national level. In
terms of outcome and cost, it is criti-
cal to optimize matching for KPD.

We have also shown that an opti-
mized national KPD scheme would
result in significant rewards for those
who are willing to travel, as well as for
the remaining pool of patients. Fur-

Table 4. Cost Benefit to Patients Matched Using Kidney Paired Donation (KPD) From a Pool
of 4000 Incompatible Pairs

No. of
Patients
Matched

Years on
Waitlist*

Cost of
Dialysis†

Cost of
Desensitization‡ Cost of KPD§

First-accept KPD 1673 4.22 $564 423 428 $319 036 693 $270 554 826

Savings with first-accept KPD $293 868 601 $48 481 867

Optimized KPD 1891 4.34 $651 661 462 $364 597 305 $309 798 016

Savings with optimized KPD $341 863 446 $54 799 289

Extra savings with
optimized KPD

$47 994 845 $6 317 422

*Years on waitlist are based on type-specific data (Table 3), weighted by the sensitization and blood type distribution of
patients entered into the KPD algorithm who would have successfully matched through this algorithm.

†Total cost of dialysis calculated for the number of patients who would have matched through KPD, according to Medicare
payments of $58 758 per year for dialysis, for the number of years that the patients who would have matched through
KPD would have to await donation from the deceased donor waitlist, plus $89 508 for transplantation and the first year
of postoperative care.27

‡Total cost of desensitization calculated for the number of patients who would have matched through KPD, according to
Medicare payments of $28 979 for desensitization, $89 508 for transplantation and the first year of postoperative care,
and $17 118 per year of immunosuppression for the number of years that the patients who would have matched through
KPD will have to await donation from the deceased donor waitlist.27

§Total cost of KPD calculated for the number of patients who matched through KPD, according to Medicare payments of
$89 508 for transplantation and the first year of postoperative care, and $17 118 per year of immunosuppression for the
number of years that the matched patients would have awaited donation from the deceased donor waitlist.27

Table 5. Cost Benefit to a Pool of 4000 Incompatible Pairs Using Optimized Kidney Paired
Donation (KPD)*

Treatment Scheme
(Matched Patients,

Unmatched Patients)

Cost of Treating
Patients Who

Could Be
Matched With

Optimized KPD

Cost of Treating
Patients Who Remain

Unmatched After
Optimized KPD

Total Cost of
Treating Entire
4000-Patient

Pool

Savings of
Choosing
Optimized

KPD vs Dialysis

Dialysis for both† $651 661 462 $822 390 179 $1 474 051 641

KPD, dialysis‡ $309 798 016 $822 390 179 $1 132 188 195 $341 863 446

Desensitization
for both§

$364 597 305 $434 481 302 $799 078 607 $674 973 034

KPD, desensitization � $309 798 016 $434 481 302 $744 279 318 $729 772 323
*All amounts are rounded to the nearest dollar.
†Cost of dialysis for 1891 patients who would have matched using optimized KPD for an average of 4.34 years (based on

the average distribution of patients entered into our optimized KPD algorithm who are successfully matched through this
algorithm) and 2109 patients who would have remained unmatched after optimized KPD for an average of 5.11 years
(based on the average distribution of patients entered into our optimized KPD algorithm who go unmatched). All patients
eventually undergo transplantation and costs include the 1-year perioperative period, as calculated in Table 3.

‡One-year perioperative transplantation costs and 4.34 years of immunosuppression for 1891 patients matched using
KPD, with cost of 5.11 years of dialysis and 1-year perioperative transplantation costs for 2109 people who would have
remained unmatched after optimized KPD.

§Cost of desensitization, 1-year perioperative transplantation costs, and 4.34 years of immunosuppression for 1891 pa-
tients who would have matched using KPD, and cost of desensitization, 1-year perioperative transplantation costs, and
5.11 years of immunosuppression for 2109 patients who would have remained unmatched after KPD.

�One-year perioperative transplantation costs and 4.34 years of immunosuppression for 1891 patients matched using KPD,
with 1-year perioperative transplantation costs, cost of desensitization, and cost of 5.11 years immunosuppression for
2109 people who would have remained unmatched after optimized KPD.
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thermore, only 2.9% of the donor/
recipient pairs would actually need to
travel to achieve the maximum benefit
from an optimized algorithm. This find-
ing discredits one of the most widely
perceived barriers to implementation of
a national KPD program and greatly
reduces the need to transport patients
or organs between regions.

The advantages of optimization are
not in quantity and quality alone. Resis-
tance to KPD is a patient-specific issue,
and includes concerns such as reluc-
tance to travel, worries about donor age
andquality andconcerns thatotherswill
benefit most from the scheme. Optimi-
zation can be individualized on a
patient-by-patient basis, with priori-
ties regarding travel, HLA matching,
donor age, transport of donor kidneys,
and other parameters left in the hands
of the patient and the transplant cen-
ter entering the data. Adding an opti-
mization bonus allows the flexibility to
maximize transplantation of highly sen-
sitized patients or other disadvan-
taged groups without hampering the
overall outcome of the match.

We believe that KPD should be the
preferred treatment for patients who
have incompatibilities with their in-
tended donors who wish to participate,
as KPD is less expensive than desensi-
tization and requires less immunosup-
pression. Our simulations suggest that
approximately 47% of incompatible pairs
could be matched through an opti-
mized national KPD program. Those
who do not match can either await the
next round of matching or undergo de-
sensitization with their cross-match-
positive and/or ABO-incompatible in-
tended donor. Some patients will favor
desensitization because of timing is-
sues, travel concerns, and desire to re-
ceive a kidney from a loved one. Fur-
thermore, due to the breadth of their
HLA reactivity, only a modest percent-
age of the highly sensitized patients will
find an ABO-compatible donor with
whom they have a negative cross-
match. Patients who are difficult to
match can be paired with donors that do
not completely eliminate incompatibil-
ity but provide better immunologic con-

ditions for desensitization. We have
combined KPD with desensitization at
our institution: patients not eligible for
antibody reduction protocols due to high
donor-specific antigen titers can be
matched with a donor with whom their
donor-specific antigen titer is lower and
thus amenable to desensitization.30

Public perception is critical to the
future success of KPD. If a national sys-
temdoesnotuseanalgorithmthatyields
the best matches for a given pool, tak-
ing into account the priorities of indi-
vidual patients, the public will be uneasy
about paired donation. Concerns about
equity are best addressed within an opti-
mized framework where priority can be
assigned to matches that help vulner-
able populations. We believe that a
nationaloptimizedmatchwouldbestuti-
lize this new source of live donor organs.
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