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Abstract

Background and Objectives: Alloimmunization is a well-known adverse event

associated with red blood cell (RBC) transfusions, caused by phenotype incom-

patibilities between donor and patient RBCs that may lead to haemolytic transfu-

sion reactions on subsequent transfusions. Alloimmunization can be prevented

by transfusing fully matched RBC units. Advances in RBC genotyping render the

extensive typing of both donors and patients affordable in the foreseeable

future. However, the exponential increase in the variety of extensively typed

RBCs asks for a software-driven selection to determine the ‘best product for a
given patient’.
Materials and Methods: We propose the MINimize Relative Alloimmunization Risks

(MINRAR) model for matching extensively typed RBC units to extensively typed patients

to minimize the risk of alloimmunization. The key idea behind this model is to use antigen

immunogenicity to represent the clinical implication of a mismatch. Using simulations of

non-elective transfusions in Caucasian donor and patient populations, the effect on the

alloimmunization rate of the MINRAR model is compared with that of a baseline model

that matches antigens A, B and RhD only.

Results: Our simulations show that with the MINRAR model, even for small

inventories, the expected number of alloimmunizations can be reduced by

78.3% compared with a policy of only matching on antigens A, B and RhD.

Furthermore, a reduction of 93.7% can be achieved when blood is issued from

larger inventories.

Conclusion: Despite an exponential increase in phenotype variety, matching of

extensively typed RBCs can be effectively implemented using our MINRAR model,

effectuating a substantial reduction in alloimmunization risk without introducing

additional outdating or shortages.
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• Extended matching can substantially reduce alloimmunization risks.

INTRODUCTION

Red blood cells (RBCs) are the most common transfused blood prod-

uct. In most Western countries, between 20 and 40 RBC units per

1000 inhabitants are transfused per year [1]. Nevertheless, blood

transfusion can have side effects, of which alloimmunization is one of

the most common [2, 3]. Selection of matched blood units is often

restricted to the ABO blood group and RhD antigen, and only for cer-

tain recipients, more extensively matched units are routinely selected.

In case a unit that is mismatched for certain blood group antigens is

transfused, there is a risk that the immune system of the recipient will

produce red blood cell alloantibodies (alloimmunization) that might

result in the destruction of transfused RBCs in subsequent transfusion

episodes [4–6]. Therefore, once a patient is alloimmunized against a

specific antigen, all subsequent transfusions must be matched for this

antigen to prevent acute or delayed transfusion reactions.

Recent advances have resulted in affordable RBC genotyping

technology that can be applied on a large scale [7, 8]. In the near

future, this technology will allow extensive typing of donors, thereby

increasing the availability of typed antigen negative RBC units. But

more importantly, when more patients are typed as well, preventive

matching for antigens other than A, B and RhD will become possible

for more, if not for all patients. However, with the exponential

increase in the number of possible phenotype profiles with respect to

the antigens considered (for each additional antigen considered, the

number of different blood products will roughly double which implies

exponential growth per definition), the likelihood of being able to pro-

vide all recipients with matched products will diminish.

Another challenge for large-scale extensive matching is that differ-

ent patient groups have different priorities for receiving extensively mat-

ched RBCs. For example, in the Netherlands, female blood recipients

aged <45 years receive cEK-matched blood to prevent antibody-

mediated haemolytic disease of the foetus and new-born [9]. In many

countries, including the Netherlands, certain patient groups at high risk

of alloimmunization, such as those with high level of transfusion support

(myelodysplasia [10] and thalassemia) and those with higher tendency of

alloimmunization (autoimmune haemolytic anaemia [11] and sickle cell

disease (SCD) [12]), receive additional matching. The latter group is noto-

riously hard to match with RBCs of a mainly Caucasian population, as

they have a different RBC phenotype profile due to their predominantly

African roots [13]. A requirement for the introduction of large-scale

extensive matching is that the availability of antigen matched units for

the aforementioned patient groups should not decrease when more

patients receive extensively matched RBCs.

The feasibility of large-scale extensive antigen matching has not

yet been widely studied. When investigating the matching of exten-

sively typed RBC units to patients, previous studies first define several

stringency levels of antigen matching and subsequently investigate

the availability of units for these levels under strict matching regimes

[14–16]. In terms of maximizing the matching potential of an exten-

sively typed RBC inventory and patient population, these approaches

all have the same limitation: the availability of matching RBC units

(and thereby the overall matching quality) is heavily influenced by the

(often non-trivial) choice of matching levels. In this study, we present

a novel and more flexible issuing strategy that can be used to assign

RBC units to patients. The aim of this issuing strategy is to provide all

patients with suitable RBC units without introducing any additional

shortages or outdating of RBCs. Thus, the objective is to minimize the

expected number of alloimmunizations over all transfused patients.

This is achieved by using a penalty-based approach to prevent mis-

matches, instead of forcing strict matching requirements for a fixed

set of minor antigens. Although the model does not differentiate

between patients of different categories, its penalty-based structure

should pave the way for more refined issuing strategies where

patient-specific circumstances are taken into consideration as well.

MATERIALS AND METHODS

Managing an RBC inventory involves carefully balancing supply and

demand. Hospitals receive daily requests for RBC units that must be

allocated from the hospital inventory. To avoid shortages, the inven-

tory is periodically supplied with fresh RBC units, usually triggered by

inventory levels. The distribution centres from the blood supplier have

a similar balancing process, but instead of daily requests, they must

satisfy hospital orders and invite new donors to ensure a steady flow

of RBC units. For the purpose of this research, we presume an RBC

inventory that is presented with direct requests from patients, and

that can only order ABO-RhD-specific blood units. Each day, requests

become known at the beginning of the day and a predefined alloca-

tion strategy assigns units to requests. As a baseline, we will use the

FIFO/MROL model for ABO-RhD matching (further referred to as

T AB L E 1 Antigen immunogenicity

Minor antigens C c E e K Fya Fyb Jka Jkb M S

Number of alloimmunizations per 1000 patients exposed to

two mismatching units akð Þ
2.1 4.3 14.6 5.1 23.4 2.7 0.8 5.1 0.2 1.8 0.8

Note: Clinically relevant minor antigens and their immunogenicity expressed as expected number of patients alloimmunized per 1000 mismatched patients

(after exposure to two antigen positive units) [4].
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ABOD) of van Sambeeck et al. [14]. This issuing policy forces all units

to be matched for ABOD and computes a maximal assignment, mean-

ing that as many matched units are issued as possible. This model

ignores all other antigens and is therefore comparable to the matching

strategy currently applied for the majority of RBC transfusions in the

Netherlands. For further details on the FIFO/MROL model, we refer

the reader to the original publication. [14] Our proposed allocation

strategy uses antigen immunogenicity to determine the penalty for

mismatching on a particular antigen. The antigens considered and

their immunogenicities as estimated by Evers et al. [4] in an incident

new-user cohort of 21,512 previously non-transfused, non-

alloimmunized Caucasian patients receiving ABOD matched red cell

transfusions are shown in Table 1. We restricted ourselves to

11 (minor) antigens, as alloimmunization against these antigens repre-

sent 95% of the induced clinically relevant alloantibodies. We used

the alloimmunization incidence reported for exposure to two units, as

this was the only exposure level where data for all 11 antigens consid-

ered were available.

The majority of hospitalized patients require more than one RBC

unit per transfusion episode (61%, based on Dutch historical in-

hospital data from 2012 until 2019) [17]. This implies that the expo-

sure to foreign antigens can range from one to multiple units. In our

model, mismatches are presumed to be binary events: a patient is

either exposed to a foreign antigen within a transfusion episode or

not, and the probability of antibody development is not dependent on

the number of mismatched transfusions given during one transfusion

episode. This assumption is in line with the recent publication of Yazer

et al. who found no significant dosage effect in RhD-alloimmunization

rates among exposed transfusion recipients [18]. By ignoring the level

of exposure, we maximize the proportion of patients for which expo-

sure is prevented. With these assumptions, we can define the daily

allocation problem as an integer linear programming (ILP) model [19]

which is solved using Gurobi Optimization software [20].

Matching strategy model

First, we define the decision variables that represent the decisions

that must be taken in the allocation problem

xij ¼
1 if patient i is assigned unit j

0 otherwise

�

si ¼
1 if patient i cannot beassignedðshortageÞ
0 otherwise

�

yik ¼
1 if patient i is mismatched on antigen k

0 otherwise

�

And the following parameters:

ui ¼ the number of units requestedbypatient i

φi kð Þ¼presence of antigen k in phenotype of patient i

1 if present;0 if not presentð Þ

φj kð Þ¼presence of antigen k in phenotype of unit j

1 if present,0 if not presentð Þ

bak ¼ akP
k0ak0

¼normalized immunogenicity

cij ¼
1 if unit j is ABOD matched with patient i

0 otherwise

(

Now, we can define the objective function to be minimized. This

function should firstly minimize the number of shortages and secondly

minimize the total mismatch cost:

minimize M
X

i
siþ

X
i

X
k
yikbak ð1Þ

Here, M is a large number to ensure that the prevention of short-

ages is always prioritized. Lastly, we define the valid solution space by

defining the constraints that govern the validity of the decision variables.

X
j
xijþ siui ¼ ui 8i ð2Þ

X
i
xij ≤1 8j ð3Þ

X
j
xijφj kð Þ≤ yikui 8i8k ifφi kð Þ¼0 ð4Þ

xij ≤ cij 8i8j ð5Þ

xij,yik ,si � 0,1f g 8i8j8k ð6Þ

Constraint (2) forces all demand to be satisfied or a shortage is

incurred. Constraint (3) allows each unit to be issued no more than

once. Constraint (4) forces yik to one if patient i is mismatched on anti-

gen k. Constraint (5) forbids any ABOD mismatches and constraint (6)

forces all variables to be binary. This ILP, which we will refer to as the

MINRAR model (MINimize Relative Alloimmunization Risks), can be

used to optimally allocate units to patients on a single day. Note that

the scope of the model does not have to be a single day. Instead, it

can be any period (e.g., the time between two supply moments).

The issuing of RBC units to patients is not a standalone prob-

lem as decisions made on the current day will also affect the

matching potential for the next day(s). To account for this, we

adjust the MINRAR model to perform in an online setting. An online

problem is one that requires iterative solving as the problem pre-

sents itself. In this case, the inventory changes whenever units are

being added or issued. This requires taking into account two addi-

tional factors:

582 van de WEEM ET AL.
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1. Prevention of outdating: RBC units have a maximum shelf life of

35 days. Thus, there should be a preference for issuing older units.

2. Limiting antigen substitution: The issuing of antigen negative blood

to a positive patient (substitution) should be avoided to prevent an

accumulation of antigen positive units.

To make older RBC units preferable for issuing, we use the First

In First Out (FIFO) discount function as proposed by van Sambeeck

et al. [14]:

o rj
� �¼ 1

2

� �rj
5

ð7Þ

Here, rj is the remaining shelf life of unit j. This exponential implies

that the discount factor for issuing unit j doubles every 5days, until it is

one when the remaining shelf life is zero. Limiting antigen substitution is

more complex, as different antigens have different clinical implications.

Major antigens A, B and RhD determine whether a match is possible and

heavy substitution leads to a reduction of O type blood in inventory

which potentially leads to subsequent shortages. Minor antigen substitu-

tions have no effect on shortages. Instead, these will only lead to a

reduction of antigen negative blood in stock which will likely increase

the number of future mismatches. Hence, we add two penalty terms to

address each of these problems separately.

First, we define the usability of a phenotype, which is the proba-

bility that the phenotype is matched with a random phenotype on the

antigens in set Λ [14].

UΛ φð Þ¼
X

φ0 ≤ Λφ
p φð Þ ð8Þ

Here, p φð Þ denotes the prevalence of phenotype φ in the popula-

tion, and φ0 ≤ Λφ are all phenotypes φ0 matching with φ on the anti-

gens in Λ. We can now define the Major antigen substitution penalty

as the difference in usability between the phenotype of a candidate

unit for matching (φj) and the phenotype of the patient (φi):

AMajor φj ,φi

� �¼U A,B,Df g φj

� ��U A,B,Df g φið Þ ð9Þ

The value of this term represents the transfusion potential lost by

assigning unit j to patient i.

The Minor antigen substitution penalty is not determined by the

usability of the product, but by its immunogenicity:

AMinor φj ,φi

� �¼ X
kjk =2 A,B,Df g

bak 1�φj kð Þ� �
φi kð Þ ð10Þ

The penalty is the sum of all minor antigen substitutions,

weighted by their immunogenicity (bak). A match without any negative-

to-positive antigen combinations will thus have a penalty of zero.

We extend the original objective function (Equation (1)) with these

three new terms (FIFO penalty and Major and Minor antigen substitu-

tion) as shown in Equation (11). However, we do not change any

constraints or decision variables, as the solution space (all allowed combi-

nations of variable values) remains the same, which means that the con-

ditions from Equations (2)–(6) still apply. Note that the additional penalty

terms will improve the performance of the model in the long run.

minimize M
X

i
siþ

X
i

X
k
yikbak½ ��

X
j
o rj
� �

þ
X

i

X
j
AMajor φj ,φi

� �þAMinor φj,φi

� �� � ð11Þ

Simulations

To assess the performance of the proposed allocation strategy, multi-

ple one-year simulations of different sized RBC inventories were per-

formed. Each simulation is preceded by an initialization period of

1 month to allow the inventory to reach a steady-state distribution

for the ABOD blood types. During each simulation, RBC units and

patients with random phenotypes are generated. The antigen profiles

of RBC units were sampled in accordance with the historical ABOD

blood type distribution of RBC units in the Netherlands. The

remaining antigens were sampled according to the antigen prevalence

in the Caucasian population (also considering the linkage between

RHD and RHCE alleles) [21]. The prevalence per antigen corresponds

to the actual distribution of antigens in the donor population, as these

play no role in donor selection. Patient phenotypes were fully sampled

Caucasian phenotype prevalences [21]. The number of units

requested per patient was sampled from an empirical distribution of

historical in-hospital requests obtained from the Dutch Transfusion

Datawarehouse and consisted of 438,260 transfusions given between

January 2012 and December 2019 in six Dutch hospitals [17].

Requests for five or more units (3.07%) were omitted, as these are

deemed out of scope for an extensive matching algorithm. Such

requests are often not elective, and extensive matching is of less

value, since the primary concern in these cases is to maintain the

patient’s RBC volume. Emergency requests can be allocated from a

separate smaller emergency inventory or from the regular inventory

followed by a new optimization to reallocate the remaining units to

regular patients. Patients with a periodic (chronic) demand for RBC

units were not explicitly included, and neither were patients with allo-

antibodies, mainly due to the absence of historical data for the fre-

quency of these patients and their corresponding alloantibodies.

Five different sized inventories with an average daily demand of

25, 50, 100, 200 and 500 RBC units, respectively, were simulated. In

each simulation, the inventory size used is equal to five times the

average daily demand, which is most common in the Netherlands. In

the Netherlands, hospital inventories are relatively small, as they can

have units delivered from Sanquin distribution centres within 1 h if

necessary. We have not implemented this feature in our simulations,

as it confounds the capability of the matching policy itself. In our sim-

ulations, units with major antigens issued (or outdated) on the previ-

ous day are replenished at the beginning of each day. Each of these

units has a set of randomly assigned minor antigens in accordance

MATCHING EXTENSIVE TYPED RED BLOOD CELLS 583
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with the donor population prevalence. This policy eliminates short-

ages and outdating caused by supply irregularities. The daily demand

was sampled from fitted distributions per day of the week based on

historical data (total issued RBC units per day by Sanquin, the Dutch

blood bank, during 2009 and 2019, obtained from eProgesa, the ICT

management system of Sanquin), and downscaled to match the aver-

age daily demand of 25, 50, 100, 200 and 500 RBC units used in the

simulations.

For each antigen, we report the percentage of units transfused

that mismatch on that antigen. Furthermore, we computed an esti-

mate of the expected number of alloimmunizations per 1000 trans-

fused units. Translating the number of mismatches into an expected

number of alloimmunizations is not straightforward. However, an

approximation can be made using the alloimmunization incidence esti-

mates from Table 1. First, we assume that within a single transfusion

episode, a patient can only be exposed once per foreign antigen,

meaning that the transfusion of 1, 2, 3 or 4 mismatching units is

treated as one exposure. This approach is used as we presume that in

general, the level of exposure needed to potentially trigger

alloimmunization is already reached with the transfusion of one

mismatching unit. Although the risk of alloimmunization increases

with the amount of exposure, this concerns exposures over time

rather than the level of exposure within a single transfusion episode.

To estimate the total number of alloimmunizations, the number of

patients exposed per antigen is multiplied with the corresponding

alloimmunization incidence from Table 1. Note that the data pres-

ented in Table 1 from the original paper [4] reflect an exposure to two

units. As we only model one exposure event, the final penalty is there-

fore divided by two.

The C++ code for the simulations can be obtained from the

corresponding author upon request.

RESULTS

In Figure 1, the percentage of transfused units that mismatch on a

particular antigen is shown for both issuing strategies. These results

are averages of 1-year simulations of a 500-unit inventory with an

average daily demand of 100 random units. The figure shows a reduc-

tion in mismatches for every antigen in line with the aim of the

MINRAR issuing strategy (which is to minimize the risk of

alloimmunization over all patients). The effect of these reductions in

terms of the expected number of alloimmunizations prevented is

shown in Figure 2. A table with more details on the outcomes of the

simulations (including the percentage of shortage and outdating) can

be found in Supplementary Materials (Appendix S1). Our results show

that the gain of extensive matching with the MINRAR issuing strategy

compared with a matching policy limited to antigens A, B and RhD

can, even for small inventories, provide a decrease in alloimmunization

risk of 78.3%. This risk can be further reduced when the matching is
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performed more centralized, for example in distribution centres with

larger inventories. In the largest scenario that was analysed (2500

RBC unit inventory and average daily demand 500 units), the

expected number of alloimmunizations is 0.20 per 1000 transfused

units, compared with 3.11 for the FIFO/MROL ABOD policy, which

implies a reduction of the alloimmunization risk of 93.7%. Note that

this reduction is achieved without an increase in shortages or

outdating and pertains to a demand of RBCs with a previously

unknown phenotype profile.

DISCUSSION

In this study, we investigated the feasibility of extensive RBC

matching for genotyped donors and patients. We proposed the

MINRAR model for allocation of RBC units to patients to minimize the

risk of alloimmunization for all patients. Figure 1 shows that substan-

tial reductions in antigen mismatches are possible, while Figure 2

shows that these reductions translate to a substantial reduction in

alloimmunization incidence. We note that the approximation used to

estimate the expected number of alloimmunizations ignores the mag-

nitude of antigen exposure per transfusion episode. This favours the

results of the MINRAR issuing strategy, as this strategy will actively

‘bundle’ antigen mismatches such that exposure can be prevented for

a maximum number of patients whenever mismatch-free issuing is not

possible. However, we argue that ignoring the magnitude of antigen

exposure within a transfusion episode is both justifiable (as was

explained earlier) and favourable for the overall patient population in

terms of preventing alloimmunization and therefore the best method

of approximation.

As mentioned in the introduction, patient-specific circumstances

play an important role in determining the clinical implication of a mis-

match on a particular antigen. Currently, mismatch penalties in the

MINRAR model are solely based on immunogenicity. However, the

MINRAR model can be easily adapted to weigh clinical aspects that

determine the implications of a mismatch for a specific patient group.

For example, mismatches for SCD patients could be given much larger

penalties than similar mismatches for regular patients. Although the

effect of such an extension to the MINRAR model with penalties

dependent on both the mismatched antigen and transfusion recipient

patient group has already been preliminary studied [22], the viability

of extended matching hinges on the availability of extensively mat-

ched units for patient groups for which there is an increased incentive

for preventing alloimmunization. Further research should provide

insight into how extended matching can be implemented without a

loss of matching quality for those patient groups.

The results in Figures 1 and 2 show that the application of the

MINRAR model leads to a substantial reduction in the expected

number of alloimmunizations. More difficult to see is how well the

MINRAR model performs in absolute sense. To evaluate the qual-

ity of allocation, we can compare the matching result to the best

possible allocation for a given simulation by assigning RBC units to

patients retrospectively. Looking back on the RBC supply and

demand over a finished simulation, one can determine what the

very best allocation possible would have been if one would have

been able to look into the future. In Appendix S2, we show a com-

parison between the MINRAR model and this optimal (retrospec-

tive) allocation. These results show that the allocation obtained by

the MINRAR strategy is close to the best possible allocation.

The amount of alloimmunization preventable by retrospective

issuing—relative to the MINRAR strategy—is comparable to the

expected alloimmunization induced by ignoring antigens M, S or

C. Considering that the MINRAR model has no knowledge of

future supply and demand, we can conclude that the MINRAR

strategy provides a near-optimal solution.

In addition to optimizing specific allocation strategies, the

MINRAR model can also be used to address policy issues. One

example is how antigen matching is affected by the heterogeneity

of donor and recipient populations. In Appendix S3, we show the

impact of a varying mix of Caucasians and individuals of African

descent on the level of alloimmunization for both ethnic groups.

These results show that the alloimmunization risk for individuals of

African descent increases substantially (up to 60%) when supplied

from a 98% Caucasian population, whereas in a more heteroge-

neous population (80% Caucasian, 20% African descent), this

increase is limited (4.9%). Lastly, we note that all the results pres-

ented are limited to alloimmunization against the antigens included

in Table 1, which are most relevant for Caucasians. However, the

MINRAR model can be applied for any mixture of ethnic

populations and number of antigens, given that their immunogenic-

ity can be estimated.

With the advancements in genotyping technology and foreseen

reduction in its costs, the implementation of extensive antigen

matching becomes more and more realistic. In contrast, the expo-

nential increase in the number of phenotypes when considering

more minor antigens—with the 14 antigens considered, there are

3168 different blood groups in Caucasians alone—would suggest

that extensive matching would not be feasible in practice. How-

ever, we have shown that matching on all clinically relevant anti-

gens can almost fully eliminate the risk of transfusion induced

alloimmunization. Using the MINRAR allocation model to iteratively

compute an assignment of RBCs to patients even for a small inven-

tory, one can prevent 78.3%, and possibly even up to 93.7% of

expected alloimmunizations that would have occurred when

matching for antigens A, B and RhD alone. The decrease in

alloimmunization risk for larger inventories indicates that more

advanced matching strategies, whereby the decision on RBC alloca-

tion is organized at a more centralized level (e.g., at a large distribu-

tion centre), may reduce this risk even further. In addition, the

model and current simulations presume that all RBC requests are

non-elective and that the antigen composition of patient RBCs is

unknown until requested. As in practice, a substantial proportion of

transfusions are elective; the potential alloimmunization reduction

achievable by extended matching will be higher than indicated by

our current results. At present, however, most effort should be

directed towards investigating the financial viability of large-scale
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extensive matching as well as other operational and organizational

challenges resulting from changes in matching policy. Nonetheless,

our research shows that a substantial reduction in alloimmunization

can be achieved without any increase in outdating or shortages,

even if RBC allocation remains at hospital level. With such

promising results, we have demonstrated the practical feasibility

and potential in alloimmunization prevention of extended matching

which should lead to an improved safety of future RBC

transfusions.
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