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Abstract
We tested re-optimisation strategies for international kidney exchange programmes 
using the simulator developed by the ENCKEP COST Action. Kidney exchange pro-
grammes (KEPs) are operating in most of the European countries to facilitate the 
exchange of kidney donors for the recipients with incompatible living donors. The 
optimal solutions for national and international KEPs are typically selected in every 
three months based on the compatibilities estimated on the individual immunologi-
cal data. However, these estimations are not always accurate, and if a positive cross-
match is found in the laboratory crossmatch tests then the corresponding exchange 
cycle (or chain) must be cancelled. Depending on the matching process, the coordi-
nators may use different re-optimisation strategies to repair the failed solutions. We 
examine the effects of using multiple rounds of re-optimisation with different opti-
misation strategies, such as fixing good cycles in the intermediate solutions or pri-
oritising transplants with negative crossmatch tests in previous rounds. In the con-
text of international KEPs we also consider the possibility of testing and prioritising 
national transplants in the solutions. We measure the performance of these policies 
regarding the number of transplants and the number of compatibility tests conducted 
in a time period. By extending our results presented in [16], we performed simula-
tions for a large number of instances to measure the effects of various re-optimisa-
tion policies. Our main findings show a clear trade-off in the number of transplants 
versus the number of tests and re-optimisation rounds.
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1  Introduction

Kidney exchange programmes (KEPs) help patients with willing donors, who 
would donate their kidneys to their loved ones, but the transplantation is not 
possible due to immunological incompatibility. The goal of a KEP is to per-
form exchanges (or chains triggered by altruistic donors) between incompatible 
patient-donor pairs so that each patient can receive a compatible kidney. For 
example, if the recipient of the first pair can receive a kidney from the donor of 
the second pair, and the recipient of the second pair can receive a kidney from 
the donor of the first pair, a pairwise kidney exchange can be performed between 
them. National KEPs have started to operate in all the large countries in Europe, 
except Germany, the first was the Dutch programme in 2004, and the largest is 
the UK programme (D.F. Manlove D, G. 2014), see details on the European pro-
grammes in Biró et al. (2019).

The immunological compatibility of patients and donors in a KEP is decided 
by crossmatch tests. At the beginning of the process virtual crossmatch tests are 
performed based on the immunological data of the donors and recipients. These 
are quick and inexpensive to perform, however, these tests are not completely 
accurate, especially if they are conducted at low resolution, and the recipient is 
sensitised, i.e., has high PRA value. Based on the results of the virtual cross-
match tests, a virtual compatibility graph is created, where nodes denote the 
patient-donor pairs and arcs denote the possible transplants. Then, an optimal 
set of exchange cycles and altruistic chains are selected by an optimisation algo-
rithm, typically using Integer Programming (IP) technique, as already suggested 
in Abraham et al. (2007). The European applications use a variety of optimisation 
criteria, but the main objective is to maximise the number of transplants (Model-
ling and optimisation in European Kidney Exchange Programmes et al. 2020).

However, a laboratory crossmatch test must also be performed prior to the 
actual implantation, which is much more costly, time consuming, and if it gives a 
positive result, the exchange cycle in which this recipient-donor pair was involved 
cannot be accomplished. (Failure can also come from other medical reasons, such 
as unsuccessful desensitisation of a recipient, or simply due to the illness of some 
patients.) One of the main challenges in the mechanism design of the KEPs is 
how to deal with such failures. The related strategies are called recourse, failure-
aware or re-optimisation policies, and they have been extensively studied in the 
literature (see the details below in the Literature review).

The European practices of re-optimisation varies across countries. The Dutch 
application uses a single HLA-lab in Leiden to collect all the blood samples, and 
therefore they can conduct the laboratory crossmatch tests quickly (within 2–3 
days) for a selected solution, and thus they have time to conduct even 5–6 re-
optimisation rounds, if needed. Because of this flexibility they consider 4-cycles 
as well in the solutions, even though they still use low-resolution HLA-typing 
(that is less accurate than high-resolution, but cheaper). When a failure happens 
in a selected cycle then they completely re-optimise their solution (so potentially 
cancel also some good cycles). In the two largest European programmes, the UK 



1 3

Testing re‑optimisation strategies in international kidney…

and Spanish programmes, the pools are much larger and multiple HLA-labs are 
involved in the laboratory testing phase, so the samples are shipped across the 
country. This makes it impossible to conduct multiple re-optimisation rounds. 
Partly because of such risks of failures they only allow 2- and 3-cycles in their 
proposed solutions. In the UK, they only consider re-optimisation within the can-
celled 3-cycles for the so-called embedded 2-cycles. In fact, they first maximise 
the number of 2-cycles and 3-cycles with embedded 2-cycles in their optimisation 
(D.F. Manlove D, G. 2014). The Spanish programme also has one re-optimisation 
round, and they also prioritise the 3-cycles with embedded 2-cycles in their solu-
tion, but their approach is more flexible, the new cycles may involve new donor-
recipient pairs as well.

Multi-country collaborations have also been established in several regions in 
Europe, in between Vienna and Prague since 2016 (Böhmig et al. 2017), extended 
with Israeli hospitals recently, in Spain, Portugal and Italy since 2018 (Valentin et al. 
2019), and for Sweden and Denmark by Scandiatransplant from 2019. International 
cooperation offers many new opportunities, but also new challenges to solve.

Literature review Kidney exchange programmes have been studied extensively in 
the operations research literature in the last 15 years, as the solution technique used 
for solving the underlying matching problems are typically based on integer pro-
gramming models (Abraham et al. 2007; Modelling and optimisation in European 
Kidney Exchange Programmes et al. 2020). To study the effect of different optimisa-
tion constraints and objectives, the most realistic way is to conduct long term com-
puter simulations. A survey on such simulation results can be found in Santos et al. 
(2017). In our research, we used and further developed the kidney exchange simula-
tor of the ENCKEP (European Network for Collaboration on Kidney Exchange Pro-
grammes) COST Action (Druzsin et al. 2022; Klimentova et al. 2022; Website of the 
CA15210 COST Action: European Network for Collaboration on Kidney Exchange 
Programmes (ENCKEP) xxxx;). This simulator can take real historical or generated 
instances of national or international KEPs as input and conduct the match runs for 
a given time period under various optimisation criteria and collaboration policies.

The recourse, failure-aware or re-optimisation policies or robust optimisation 
have been studied in several papers in the last decade. When the probability of 
failure can be estimated e.g., from the PRA-level of the recipient, then maximis-
ing the expected number of successful transplants is a reasonable strategy (Alvelos 
et al. 2019a; Dickerson et al. 2013; Klimentova et al. 2016; Smeulders et al. 2022). 
A priori probing means a pre-selection of some transplants to be tested in labora-
tory in order to improve the expected number of successful transplants in the (final) 
match run (Alvelos and Viana 2017; Alvelos et al. 2019b). Robust optimisation for 
KEPs with failure means that the set of recipients selected for transplants after re-
optimisation should not change much assuming a worst case scenario in a so-called 
defender-attacker-defender model (Blom et al. 2022; Carvalho et al. 2021).

International KEPs, motivated by the European practice, have been studied 
recently with regard to the mutual benefits of the countries (Klimentova et al. 2021), 
and the special restrictions in international exchanges (Mincu et al. 2021). Analys-
ing re-optimisation strategies in the context of an international KEP is a novelty of 
this paper.
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Contributions In this paper we present our results on testing different re-optimi-
sation strategies with the ENCKEP-simulator for national and international KEPs by 
simulations conducted on 1k generated instances for each parameter and policy set-
ting. The configuration files for the test datasets, the used policy and objective files 
are available at the https://​github.​com/​lilla​06/​Testi​ng-​re-​optim​isati​on-​strat​egies-​in-​
inter​natio​nal-​kidney-​excha​nge-​progr​ammes-​by-​ENCKEP link. Our main simulation 
results show that re-optimisation strategies can indeed improve the performance of 
both national and international KEPs in the long run. In particular, we facilitated 
the re-optimisation in any given number of rounds, the possibility of fixing the good 
cycles, and also to track and prioritise those transplants where the compatibility was 
already proved in the laboratory tests. Regarding the international features, we ena-
bled the prioritisation of internal (i.e., national) transplants, and the separate labora-
tory testing of the internal transplants within the cycles selected. All the new fea-
tures that we implemented resulted in some improvements either by increasing the 
number of transplants or by decreasing the number of crossmatch tests.

Organisation of the paper In Sect. 2 we describe the new features that we imple-
mented in the ENCKEP simulator to study various re-optimisation strategies for 
national and international KEPs and measure their performance in terms of the 
number of transplants and the number of crossmatch tests conducted. In Sect. 3 we 
describe our main findings from the national simulations and the international simu-
lations are described in Sect. 4.

2 � New features implemented in the ENCKEP‑simulator

We used the ENCKEP simulator for our study, however, we wanted to experiment 
with further settings and test scenarios related to re-optimisation, and therefore we 
implemented some new functions that we describe in this Section. The ENCKEP-
simulator already had the option of having failed edges and pairs in the input, that 
can be generated by setting the edge and pair failure probabilities. These failures are 
pre-set, but the simulator will detect them only when conducting the match runs. 
When some edge or pair fails in a selected cycle or chain, the simulator denotes 
them in the solution, by cancelling the effected cycles and chains. The failed edges 
and nodes are then removed from the pool for future match runs. However, the simu-
lator did not allow re-optimisation within a match run, except the so-called recourse 
option. If the user selects this option, then a failed cycle or chain is repaired by the 
best sub-solution within the cycle. Our most important new development in the 
ENCKEP-simulator was the implementation of the re-optimisation option which is a 
frequently used protocol to reduce the effect of a positive laboratory cross match test 
in European KEPs.

Implementing re-optimisation has also allowed us to develop a number of other 
features based on re-optimisation which includes fixing of good cycles and a new 
optimisation criterion, the maximisation of the tested edges in the solution. Further-
more, we added another new optimisation criteria to maximise the number of inter-
nal transplants selected in the exchange cycles, or in other words to minimise the 
number of international transplants.

https://github.com/lilla06/Testing-re-optimisation-strategies-in-international-kidney-exchange-programmes-by-ENCKEP
https://github.com/lilla06/Testing-re-optimisation-strategies-in-international-kidney-exchange-programmes-by-ENCKEP
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In order to evaluate the results obtained, besides the number of successful trans-
plants we also needed to count the number of crossmatches and positive cross-
matches that were carried out in a simulation. The number of crossmatches was 
tracked already in the original simulator, but due to re-optimisation this had to be 
changed and improved significantly. Note that if one would not care about the num-
ber of laboratory crossmatch tests, then the optimal policy would be to test all the 
possible transplants in the laboratory before the match run. But this is not practical 
in large programmes, so we shall always aim to a good balance to maximise the 
number of successful transplants and to minimise the number of crossmatch tests 
and/or the number of re-optimisation rounds.

2.1 � Re‑optimisation

Re-optimisation in the basic setting means that when any of the transplants in the 
proposed solution fails then the solution will be completely re-optimised, without 
caring about the cycles that could have been successfully implemented. This is the 
practice in the Netherlands, where the usage of a central HLA-laboratory enables 
the quick laboratory testing.

When implementing the re-optimisation feature, we aimed to create a solution 
that is as general as possible, so that many different cases can be easily simulated. 
Therefore, we decided to implement the re-optimisation separately for the different 
types of collaborations. This was necessary because, with the exception of the bor-
derless cooperation, the pools interact with each other.

2.1.1 � Re‑optimisation without international cooperation

In this case the national KEPs do not cooperate, therefore their results are not affect-
ing each other. If there is no cooperation between pools, each pool will be re-opti-
mised for the number of rounds specified in one of the input files, in the so-called 
policy file. Since there is no effect of optimising one pool on the other pools, we can 
perform these rounds of re-optimisation in all of them at once in a parallel way.

After our modifications, the main algorithm of the simulator chooses the highest 
re-optimisation number specified for some of the pools, and it performs a matching 

Fig. 1   Setting the number of re-optimisation rounds separately for each pool when the countries do not 
collaborate with each other
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round in each pool which can have that many re-optimisation rounds. Since the 
pools are separate, the results can be collected and stored separately (Fig. 1).

The modified main algorithm of the simulator first checks what the largest “opti-
mization_runs” value is in the policy file at the beginning of each matching round 
and runs that many optimisation rounds. In each optimisation round it searches for 
the optimal solution (as in the original algorithm), but it does not save the result 
obtained automatically, since that may not be the final one.

At the beginning of each optimisation round, it collects the pools that should be 
optimised in that round: these are the pools that have active pairs and are allowed to 
run as many optimisation rounds as the index of the current optimisation round.

Since there is no cooperation between pools, each selected cycle or chain is 
within a single pool. For all the selected cycles and chains in the optimal solution, it 
checks whether they are in a pool that should be optimised in that round. If a cycle 
is not in such an active pool, then it does not get tested again, since the final solution 
has already been fixed for that pool in some previous optimisation round. If the cycle 
is in one of the active pools, it checks whether the given cycle or chain passes all the 
laboratory crossmatch tests and either it saves the implementable (sub) solution for 
later processing or deletes the failed edges and pairs, and so the simulator can search 
for a new solution in the next optimisation round with this new knowledge.

The simulator saves the solution for each pool separately in a dictionary. When 
all the optimisation rounds have been performed, we have the optimal solution for 
each pool in the dictionary. However, it is possible to reach the optimal solution in 
an earlier optimisation round. It occurs when all selected edges pass the laboratory 
crossmatch tests for an optimisation round. In this case it would be unnecessary to 
run more optimisation rounds, so we keep track of each optimisation round to see 
if there was a failed cycle or chain and we finish the re-optimisation in that pool if 
there was no failure.

2.1.2 � Re‑optimisation with international cooperation

In this case, the re-optimisation performed on each pool can affect the other pools, 
so it does matter in which order we test and re-optimise the pools.

To facilitate the study of the most general re-optimisation policies, we made 
it possible to specify which pools should be (re-)optimised in the re-optimisation 
rounds (Fig. 2).

Fig. 2   Specifying re-optimisation rounds for international KEPs. In this example the first round is 
restricted to the Netherlands, the second round for the UK and Netherlands, etc., finally a testing of all 
the selected (international) cycles are performed in the general pool
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Since a chain or cycle that spans multiple pools will only be fully tested if all 
of its edges are tested, it is necessary to test all edges (i.e., the selected edges in 
the general pool) in the last re-optimisation round in order to check the final result. 
So, to avoid possible inconsistency, if the last element of the “optimization_rounds” 
specified in the policy file (i.e., the last optimisation round) does not contain “gen-
eral”, the software adds an extra optimisation round to the rounds, in which all edges 
are tested.

In this case, as many re-optimisation rounds should be run in each match round 
as the number of the elements in the optimisation rounds array in the policy file. In 
each optimisation round, the pools to be optimised are listed in the next element of 
the array.

To collect the results, we used a dictionary as in the previous case. After the algo-
rithm gets the optimal solution, it checks the correctness of each cycle and chain, 
but it cannot save the errors for all pairs and edges, only for those in the pools re-
optimised in that round, so it filters out the edges that it could not test in that re-
optimisation round from the pre-set array of failed edges and pairs.

If the simulator tests all edges, or if the tested cycle or chain is entirely in a pool 
for which it is re-optimising, then everything works as before, except that now there 
may be international cycles and chains that are in the “general” pool. However, if 
none of the above cases apply, then we cannot test all the edges of the selected cycle 
or chain, only those that are in the pool we are optimising for in the current round. 
Since just some of the edges can get tested, we cannot confirm the correctness of 
the whole cycle or chain, we can only detect a failure if some of the edges or pairs 
would fail.

The algorithm continues from here in the same way as in the previous case with 
no collaboration, except that here we cannot stop earlier for a country even if all 
selected and tested rounds and chains have been successful in a re-optimisation 
round, since a failure in another country may affect the global solution.

2.2 � Fixing the good cycles

Fixing the good cycles means that if a cycle or chain is successful in a re-optimisa-
tion round, we can fix this cycle, and then it will be surely part of the final solution 
and only the remaining pairs will be used in the next rounds to find the next optimal 
solutions. In this case, we may not get the globally optimal solution as the final solu-
tion, but this can be still a beneficial strategy, because it can lead to a relatively good 
solution much faster, with fewer laboratory tests conducted.

In our new implementation, it is possible to specify in the policy file whether the 
user wishes to fix cycles and chains in the pool. If an empty string is specified then 
no, in all other cases it is allowed (Fig. 3).

We have modified the algorithm so that if a cycle or chain is fully tested and 
passed the laboratory tests, and for the respective pool the cycle-fixing option is ena-
bled, then the pairs in the cycle or chain get immediately removed from the active 
pairs and the algorithm saves this cycle as a fixed part of the final solution.
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2.3 � Maximising the number of confirmed edges

If an edge has already been tested and the laboratory crossmatch test has shown 
that the donor and the patient is indeed compatible, then, assuming that the recip-
ient is not affected by an immunologically sensitive event, we may assume that 
this donor-recipient pair remains compatible, so this edge does not need to be 
tested again in the lab. Therefore, if this transplant does not take place in match 
run, for example, because the corresponding cycle is cancelled due to the failure 
of another arc in that cycle, then this knowledge can be used in subsequent rounds 
to reduce the number of crossmatch tests, and to improve the probability of the 
selected cycles getting performed.

To implement the goal of maximisation of confirmed edges, we introduced a 
new optimisation criterion that computes a weight for each cycle and chain based 
on the number of edges in the cycle that had been previously tested by the simula-
tor. Each of these edges adds a pre-set value to the total weight of the cycle, that 
can be set in the objective.json input file. This new optimisation criterion can be 
used either as a new level in the hierarchic optimisation policy, or at the last level 
of the hierarchic optimisation, where different objectives are considered with dif-
ferent weights, see (Klimentova et al. 2022).

The function returns the total weight for each cycle and chain, so the solver 
can find a solution that maximises this value, among other optimisation criteria.

2.4 � Maximising the number of internal edges

International KEPs need to test international and national (internal) edges in the 
lab. The latter may be simpler, cheaper, or quicker, especially if the blood sam-
ples are stored in a common location (e.g., in Leiden for the Netherlands). Testing 
international edges, however, can be more complicated and time-consuming.

As we have already presented, we facilitated the possibility of testing the 
national and international edges separately in a re-optimisation strategy. How-
ever, it can also be reasonable to prioritise the internal edges in the solution, by 
taking this objective into account in the optimisation. The implementation of this 
criterion does not differ much from the previous criterion, just in this case the 

Fig. 3   Setting the option of fixing the cycles in the policy file. In the example the cycles are not fixed in 
the merged pool, but they are fixed, when the cycle is selected in the UK pool
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criterion provides weights on the cycles and chains based on the number of inter-
nal edges.

Note that internal edges can also mean edges belonging to the same HLA-centre 
in a large country, such as the UK or Spain. So, our simulations can also give insight 
when the consideration is to conduct quick laboratory tests for possible transplants, 
where the donor and recipient both belong to the same HLA-centre.

2.5 � An illustrative example

We provide a simple example to illustrate the re-optimisation processes considered 
in our international simulations. all other cases it is allowed.

Suppose that we have three countries, and each has two recipient-donor pairs, 
A1, A2 in country A, B1, B2 in country B, and C1, C2 in country C. The above 
graph represents the (virtual) compatibilities, as follows. Every arc corresponds to 
a possible transplant that was expected to be compatible in the virtual crossmatch 
test. A dashed line means that there is a positive crossmatch test in the laboratory, 
so the compatibility was incorrectly estimated. A solid line means that the estimated 
compatibility is confirmed in the laboratory test. Suppose that we consider an inter-
national matching run, and therefore we select a solution with 2-cycles and 3-cycles 
such that the number of transplants in maximised in the virtual compatibility graph. 
There are two optimal solutions, with five expected transplants in each, namely solu-
tion 1: [(A1,A2,B1), (C1,C2)], and solution 2: [(A1,A2), (B1,B2,C1)]. After one 
of the solutions is chosen by the optimisation policy, the selected transplants are 
tested in the laboratory. In case of solution 1, there is no failure. However, in case 
of solution 2, the transplants from A2 to A1, and from C1 to B1 fail, and depending 
on the re-optimisation policy the process might continue. In some practical applica-
tions, the testing of internal (national) arcs can be easier, since the blood samples 
are stored at the same central HLA-laboratory (such as the central lab in Leiden in 
the Netherlands). This can mean that in the re-optimisation strategy national testing 
rounds are conducted first, and in case of a failure a quick re-optimisation may take 
place. Furthermore, the policy makers can also decide to maximise the number of 
internal arcs selected in the international solution, and so the chance of detecting a 
failure early can be improved.
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3 � Results for national KEPs

In this paper we wanted to examine the long-term effect of the different re-optimisa-
tion strategies, therefore we run all the simulations for a five-year interval on 1000 
generated instances.

To make the simulation realistic, we used the generator function of the ENCKEP-
simulator, where the parameters were set according to a historical data from the 
Spanish KEP. The most important parameter is the PRA distribution of the pool, 
that can be very special for KEP patients. The main reason for this difference is that 
patients with low PRA values are more likely to get a compatible kidney outside of 
a KEP, from a direct willing donor or from the deceased waiting list. Furthermore, 
patients with high PRA values have less chance to get matched in the KEP pools as 
well, therefore they spent more time in the programmes, and so they can accumulate 
in the pools. We measured the PRA distribution for the patients in the Spanish KEP 
in a historical dataset for 2009–2022, and we used that distribution to generate the 
1000 instances.

For the generator function of the ENCKEP-simulator we used the parameters 
described in Fig.  4. Besides the PRA-distribution of the recipients, one can set 
the blood-type distributions for both the donors and recipients, the distribution for 
the number of registered donors for the recipients (one recipient can have multi-
ple donors registered). Regarding the age, the arrival time and duration of stay, it is 
possible to set the distributions separately for (normal) incompatible donor-recipient 
pairs, for compatible pairs and for altruistic donors.

For the simulations with only one pool, we used general settings. In the policy file 
we set the interval between matches to 90 days, which is a typical value in European 
KEPs. Initially we did not enable any type of error correction, such as recourse, re-
optimisation or fixing the good cycles (Fig. 5).

In the objective input file, we specified the general optimisation criteria. In the 
first level of the hierarchical optimisation process we maximise the number of trans-
plants (which criterion is used in the first place in every European KEP, except in 
the UK), then after fixing the number of transplants to be maximal, we maximised 

Fig. 4   The config file for the general pool
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the number of cycles, since shorter cycles or chains are more likely to be successful, 
and finally, as the third objective, we prioritised patients with high PRA value. See 
more details about the these and other objectives available in the ENCKEP-simula-
tor in Klimentova et al. (2022) and (Druzsin et al. 2022) (Fig. 6).

3.1 � Performance without any error correcting methods

We conducted the baseline simulations without re-optimisation using the above gen-
eral setting on all 1000 instances to provide comparison for the further simulations 
with novel settings. The two most important evaluation metrics are the number of 
performed transplants and the number of laboratory crossmatch tests conducted in 
the matching process, however, we also measured the number of positive crossmatch 
tests in some of the cases. Besides the these performance measures, we also included 

Fig. 5   The general policy file without error correction

Fig. 6   The general objective file
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the number of registrations over the five-year period in Fig. 7, and so the success 
rate (number of transplants per number of registrations) can also be estimated. Every 
time we display the average result on the 1000 instances, and for Figs. 7 and 8 we 
also included the distributions of these values using violin plots.

3.2 � Re‑optimisation

For all 1000 instances we repeated the simulations with a maximum of 2, 3, 4 and 5 
re-optimisation rounds. The number of transplants is shown on Fig. 8 and the num-
ber of crossmatch tests in Fig. 9.

The second re-optimisation round made the largest difference: it increased the 
number of transplants by 11%. Further re-optimisation rounds produced slightly 
smaller improvements, with an average improvement of 17.9 percent by the end of 
all five rounds.

Fig. 7   Results with the general settings: number of transplants, crossmatch tests, positive crossmatch 
tests, and number of registrations over the five-year period

Fig. 8   Number of transplants according to the number of re-optimisation rounds
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Naturally the re-optimisation also increases the number of crossmatch and pos-
itive crossmatch tests.

With all 5 re-optimisation rounds the simulator made 20% more crossmatch 
tests than without re-optimisation, and the number of positive crossmatch tests 
increased by 30% compared to the baseline scenario.

3.3 � Recourse

Recourse is an option that was already implemented in the ENCKEP-simulator. If 
the user selects this option, then a simple re-optimisation takes place, whenever 
a cycle or chain fails, the best sub-cycle/chain gets implemented for the remain-
ing nodes and arcs spanning the subgraph or the original cycle/chain. Therefore, 
when using only the Recourse strategy, our ability to correct errors is much more 
limited than in the case of a full re-optimisation. As it was expected, the usage of 
this strategy would result in a more modest improvement in the number of trans-
plantations than re-optimisation.

However, the usage of recourse in combination with re-optimisation can fur-
ther improve the results. In this scenario, the recourse takes places only after the 
last re-optimisation round, in case there is a failure. For one round of optimisa-
tion, the use of recourse resulted in a 3.2% improvement in the number of trans-
plants, while in the case of two rounds this value is less than 1%. For multiple 
rounds this value is even lower.

On the other hand, the number of crossmatch tests increased by 3.5, 5.2, 5.7, 
6 and 6.1%. Therefore, recourse is a good strategy for countries, where only one 
optimisation round can be performed (such as the UK), but it is not efficient in 
the case of more optimisation rounds since it increases the number of crossmatch 
test significantly while affects the number of transplantations minimally (Figs. 10, 
11).

Fig. 9   Number of cross match and positive crossmatch tests with re-optimisation
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3.4 � Fixing the good cycles

Fixing the good cycles and chains can be a useful feature in case of a re-optimisa-
tion, but for one round of optimisation, it does not change anything in the results.

The goal of re-optimisation is to get the best solution (or the best that can be 
obtained for a given number of optimisation rounds) in each matching round, while 
here we do not necessarily get the globally optimal solution, only a near optimal 
one, but in return we can get results faster, with fewer tests.

For two and three optimisation rounds this strategy even increased the number of 
transplants by 1,5% and 1%, and in the other cases the loss was less than 1% mean-
while the number of crossmatch tests decreased significantly with 13.5, 17.5, 18.1 
and 18%, respectively. Therefore, we believe that fixing the good cycles can be a 
useful strategy in KEPs with more than one optimisation round (Figs. 12, 13).

Fig. 10   Number of transplants with recourse

Fig. 11   Number of crossmatch tests with recourse
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3.5 � Maximising the number of the good edges

Selecting good edges for the solution that have already been confirmed in a labo-
ratory test should reduce the number of crossmatch tests needed and decrease 
the risk of failures and cancellations. To implement this strategy, we had to 
modify the optimisation criteria used as follows: after the number of transplants, 
we chose the maximisation of the number of good edges as the second criterion 
(Figs. 14, 15).

Using this new optimisation criterion increased the number of transplants by 
around 1–2% while it decreased the number of the crossmatch tests significantly 
by 2.9%, 13.4%, 16.2%, 16.5% and 16.5%, respectively.

In conclusion, the usage of this new optimisation criterion, the maximisation of 
the number of good edges could be beneficial for KEPs, since it reduces the number 
of crossmatch tests and increases the number of transplants at the same time.

Fig. 12   Number of transplants with fixing the good cycles

Fig. 13   Number of crossmatch tests with fixing the good cycles
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3.6 � Testing cycle length limitations

Lastly for a single pool, we tested the effect of the maximum allowed cycle 
length limits on the results. Most of the European KEPs allow a maximum of 
2, 3 or 4 long cycles and chains (Biró et al. 2019), therefore we decided to test 
these values.

While allowing 3-cycles increased the number of transplantations with 4.9% 
compared to 2-cycles, the 4-cycles did not make a significant difference, less 
than an additional 0.2% transplants compared to the case of 3-cycles. However, 
it increased the number of crossmatch tests with 23.9% and 33.4%, respectively.

In conclusion, according to our simulations, allowing 4-cycles does not 
increase the number of transplants significantly, only the number of crossmatch 
tests, therefore it seems unnecessary to use 4-cycles and chains (Fig. 16).

Fig. 14   Number of transplants with the maximisation of the good edges

Fig. 15   Number of crossmatch tests with the maximisation of good edges
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4 � Results for international KEPs

In this section we present our findings on simulations for international KEPs.

4.1 � Type of collaboration

We tested all the three types of collaboration policies between countries that are 
implemented in the ENCKEP simulator. In the first, baseline case there is no coop-
eration, every country conducts their match runs separately.

In case of the so-called consecutive strategy the countries try to match their 
patients first in their own KEPs, and only for the remaining patient-donor pairs they 
seek international exchanges. This collaboration policy is used in between Spain, 
Italy and Portugal in their international collaboration, called KEPSAT.

When the so-called borderless policy is used, the KEPs work together completely, 
like one, larger program. This is the case in the Czech-Austrian-Israeli collaboration, 
and also in the international KEP coordinated by Scandiatransplant, called STEP.

The consecutive and the borderless policies give more opportunity to find a match 
for every patient, therefore they increased the total number of transplants by 11.5% 
and 22.3%, respectively.

It should be noted that in this case, the number of transplants has increased for 
all countries, but it is possible that although the total number of transplantations is 
increasing, the number of transplants for a country is decreasing (Fig. 17).

Based on the number of transplantations the usage of the borderless coopera-
tion policy sounds really promising, however it has a huge negative effect as well: 
it increases the number of crossmatch tests, especially the number of international 
crossmatch tests. This was not considered in earlier studies, such as (Druzsin et al. 
2022) and (Mincu et al. 2021).

The number of crossmatch tests increased by 17.9% and 47.5% in the consecutive 
and the borderless cases, while 15.8% and 38.2% of the crossmatch test were inter-
national, respectively. These international tests are time consuming and expensive, 

Fig. 16   The effect of allowing different maximum cycle length
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therefore we implemented a new optimisation criterion to try to reduce their num-
bers (Fig. 18).

4.2 � The effect of different re‑optimisation strategies

In our implementation for re-optimisation, it is possible to specify the order of test-
ing and re-optimisations for different pools. With this function one can organise 
more optimisation rounds for some of the pools or simulate any order. The two com-
bined strategies we tested were the testing of all the internal edges (i.e., the edges 
that run within a pool) and the testing of the internal edges for each pool in separate 
rounds one by one. Intuitively the advantage of conducting the testing and re-opti-
misation sequentially is that if a failure happens in one country, then the globally 
optimal solution can be changed immediately before testing the rest of the solution 
in other countries.

Fig. 17   Number of transplants with different types of cooperation

Fig. 18   Number of crossmatch tests with different types of cooperation
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Beside the original borderless settings, we conducted simulations for both strate-
gies with one and two rounds of testing, supplemented by a final full round of test-
ing (general round). The separate testing rounds per pool strategy proved to be the 
most successful, as it resulted in slightly more transplants with slightly fewer cross-
match tests. Understandably, more optimisation rounds lead to more transplants and 
crossmatch tests also in these cases (Figs.19, 20).

4.3 � Maximising the number of internal edges

As mentioned above, it can be a serious problem for international programmes 
if many international crossmatch tests are required. By maximising the number 
of internal edges after the number of transplants, the number of crossmatch tests 
between pools can be reduced.

Fig. 19   Number of transplants with different borderless re-optimisation strategies

Fig. 20   Number of crossmatch tests with different borderless re-optimisation strategies
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For the simulations, we used the same settings and data sets as before, with the 
difference that we chose to maximise the number of internal edges as the second 
optimalisation criterion (Fig. 21).

With this new optimisation criterion, we could reduce the number of interna-
tional crossmatch tests by 24.5% without effecting the number of transplants. This is 
an expected effect of the policy. Therefore, maximising the number of internal edges 
seems a very promising approach for international KEPs.

4.4 � Maximising the number of internal edges with different re‑optimisation 
strategies

With our last simulation we combined the different re-optimisation orders with the 
maximising of the internal edges, since by conducting quicker tests internally fur-
ther improvements are possible to achieve with sequential testing and re-optimisa-
tion strategies.

The number of transplantations increased by 0.4%, 0.9%, 1.4%, 0.9% and 1.4%, 
respectively, whilst the number of international crossmatch tests decreased by 24% 
in every case compared to the results without the new optimisation criterion. There-
fore, the maximisation of the number of internal edges is a useful optimisation crite-
rion with every case of re-optimisation (Figs. 22, 23).

5 � Conclusions

In this paper we showed by simulations on realistically generated instances that new 
re-optimisation policies can improve the long-term performance of both national 
and international KEPs either by increasing the number of transplants implemented 
or by decreasing the number of crossmatches. The main novelty of our approach is 
that we also studied the international aspects, by allowing separate testing rounds 
for internal transplants combined with the prioritisation of internal transplants in the 

Fig. 21   The effect of the maximisation of internal edges
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solution. We also studied the effects of fixing the good cycles in the intermediate 
solutions, and to prioritise those transplants where the laboratory crossmatch tests 
have already been conducted. All the new strategies that we studied resulted in sig-
nificant improvements regarding the increasement in the number of successful trans-
plants and/or in the reduction of the number of crossmatch tests.

We plan to conduct additional studies in this framework by considering further 
optimisation criteria, such as maximising the expected number of transplants (Alve-
los et al. 2019a). We will also incorporate some of the novel features into the KEP-
SOFT software, that is a new software developed in the follow up COST Innovators 
Grant project of the ENCKEP COST Action, called KEP-SOFT. This software is 
going to be used by several European national and international KEPs, so hopefully 
our novel features will also be available for these application to use.

Fig. 22   Number of transplants with the maximisation of internal edges with different borderless re-opti-
misation strategies

Fig. 23   Number of crossmatch tests with the maximisation of internal edges with different borderless re-
optimisation strategies
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