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CH2 "™

INTRODUCING A NEW MODEL FOR
MATCHING EXTENSIVELY TYPED
RED BLOOD CELLS

Alloimmunization is a well-known adverse event associated with red blood cell (RBC)
transfusions, caused by phenotype incompatibilities between donor and patient RBCs that
may lead to hemolytic transfusion 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’.

We propose the 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 Rh(D) only.

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 Rh(D). Furthermore, a reduction of 93.7% can be achieved when blood is
issued from larger inventories.

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.

This chapter is based on van de Weem et al. [182].
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2.1 INTRODUCTION

Red blood cell (RBC) are the most common transfused blood product. In most western
countries, between 20 and 40 RBC units per 1000 inhabitants are transfused per year [183].
Nevertheless, blood transfusion can have side effects, of which alloimmunization is one of
the most common [184, 185]. Selection of matched blood units is often restricted to the
ABO blood group and Rh(D) antigen, and only for certain 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 RBC alloantibodies (alloimmunization) that might result in the destruction of
transfused RBCs in subsequent transfusion episodes [186—188]. 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 [87, 189]. 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 Rh(D) 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 provide all recipients with matched products
will diminish.

Another challenge for large-scale extensive matching is that different patient groups
have different priorities for receiving extensively matched RBCs. For example, in
the Netherlands, women under the age of 45 receive cEK-matched blood to prevent
antibody-mediated hemolytic disease of the fetus and newborn [190]. In many countries,
including the Netherlands, certain patient groups at high risk of alloimmunization, such as
those with high level of transfusion support (myelodysplasia [191] and thalassemia) and
those with higher tendency of alloimmunization (autoimmune hemolytic anemia [99] and
sickle cell disease (SCD) [192]), receive additional matching. The latter group is notoriously
hard to match with RBCs of a mainly Caucasian population, as they have a different RBC
phenotype profile due to their predominantly African roots [193]. 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 extensively 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 [194-196].
In terms of maximizing the matching potential of an extensively 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
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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 mismatches, 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.

2.2 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 inventory is periodically supplied with fresh RBC units, usually
triggered by inventory levels. The distribution centers 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-Rh(D) specific blood units. Each day, requests become known at
the beginning of the day and a predefined allocation strategy assigns units to requests. As a
baseline, we will use the FIFO/MROL model for matching the three major antigens A, B and
D (FM3). This issuing policy forces all units to be matched for ABO-Rh(D) and computes
a maximal assignment, meaning 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 FM model, we refer the reader to the original publication [194]. 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. [186] in an incident new-user cohort of 21,512 previously non-transfused,
nonalloimmunized Caucasian patients receiving ABO-Rh(D) matched red cell transfusions
are shown in Table 1. We restricted ourselves to 11 (minor) antigens, as alloimmunization
against these antigens represent 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 considered were available.

C ¢ E e K F* F JK¥* Jk* M S

21 43 146 51 234 27 08 51 02 18 038

Table 1: Clinically relevant minor antigens and their immunogenicity expressed as the
expected number of patients alloimmunized per 1000 mismatched patients (after exposure
to two antigen positive units) [186].

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) [197]. This
implies that the exposure 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
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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. [198] who found no significant dosage effect in Rh(D)-alloimmunization rates among
exposed transfusion recipients [198]. By ignoring the level of exposure, we maximize the
proportion of patients for which exposure is prevented. With these assumptions, we can
define the daily allocation problem as an Mixed-Integer Linear Programming (MILP) model
[199] which is solved using Gurobi Optimization software [200].

2.2.1 MATCHING STRATEGY MODEL
We start by defining the required sets as follows:

T = set of products present in the inventory;
R = set of patient requests known;
AT — set of all major antigens = {A, B, D};
AMIROT — et of all minor antigens considered = {C, ¢, E, e, K, Fy?, Fyb, Jk?, JKP, S, sk;

A = set of all antigens considered = A™3°F y Aminer,

And the following parameters:

u, = the number of units requested by patient r € R;
¢i(k) = 1 if antigen k € A is present in the phenotype of product i € 7, 0 otherwise;
¢r(k) = 1if antigen k € A is present in the phenotype of patient r € R, 0 otherwise;

ay. = expected likelihood of alloimmunization after mismatching, based on Table 1;
a
Ywap

¢ = 1if unit i € T is compatible with patient r € R on A™J, 0 otherwise.

. = normalized immunogenicity =

Then we define the decision variables that represent the decisions that must be taken
in the allocation problem

x;r = 1 if patient r € R is assigned unit i € 7, 0 otherwise;
s, = 1 if patient r € R cannot be assigned a product (shortage), 0 otherwise;

Yrk = 1 if patient r € R is mismatched on antigen k € A, 0 otherwise.

Now, we can define the MILP model to be optimized:

PRSI M23r+ Z }/rk&k
mintmize reR  reRkeA )
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st. Yxptsu = u VreR (2)
iel

Xy <1 viel (3)

rerR
Yoxirdi(k) < ygu, VreRkeAifd(k)=0 (4

i1

Xir <Gy viel,reR (5)
Xirs VrksSr € {0,1} VieI,reRkeA (6)

Objective function (1) should first minimize the number of shortages and secondly
minimize the total mismatch cost. Here M is a large number to ensure that the prevention
of shortages is always prioritized. Lastly, we define the valid solution space by defining
the constraints. 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 y to
one if patient r € R is mismatched on antigen k € A. Constraint (5) forbids any ABO-Rh(D)
mismatches and constraint (6) forces all variables to be binary. This MILP, which we will
refer to as the MINimize Relative Alloimmunization Risks (MINRAR) model, 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 problem 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 presents itself. In this case, the inventory
changes whenever units are being added or issued. This requires taking into account two
additional factors:

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. [194]:

o =(3) 0

Here, r; is the remaining shelf life of inventory product i € Z. This exponential implies
that the discount factor for issuing product i doubles every 5 days, 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 Rh(D) 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 substitutions
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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 probability that the phenotype
is matched with a random phenotype on the antigens in set A [194].

ba@) =Y. p(@) ®)
¢’'<A$

Here, p(¢) denotes the prevalence of phenotype ¢ in the population, and ¢’ < A¢ are all
phenotypes ¢’ matching with ¢ on the antigens in A. We can now define the Major antigen
substitution penalty as the difference in usability between the phenotype of a candidate
unit for matching (¢;) and the phenotype of the patient (¢,):

Fmajor(gbi’ ¢r) = bAmajOr (¢1) - bAmajor (Qbr) (9)

The value of this term represents the transfusion potential lost by assigning product i
to patient r. The Minor antigen substitution penalty is not determined by the usability of
the product, but by its immunogenicity:

Fuinoe($1:¢) = ), a1 = i) (k) (10)
e Aminor

The penalty is the sum of all minor antigen substitutions, weighted by their
immunogenicity (dx). A match without any negative-to-positive antigen combinations will
thus have a penalty of zero. We extend the original objective function (1) with terms as
defined in Equations (7), (9) and (10). The new objective function is shown in Equation
(11). However, we do not change any constraints or decision variables, as the solution
space (all allowed combinations of variable values) remains the same, which means that
the conditions from Equations (2) to (6) still apply. Note that the additional penalty terms

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

minimize M Z St Z (Yrk&k) - Z O(Vi) + Z (Fmajor(qsi, ¢r) + Fminor(¢is ¢r))

rerR reR keA i€l ielreR
(11)

2.2.2 SIMULATIONS

To assess the performance of the proposed allocation strategy, multiple one-year simulations
of different sized RBC inventories were performed. Each simulation is preceded by an
initialization period of 1 month to allow the inventory to reach a steady-state distribution
for the ABO-Rh(D) 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 ABO-Rh(D) 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 Rh(D) and RHCE alleles)
[201]. 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
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fully sampled Caucasian phenotype prevalences [201]. 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 [197]. 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 alloantibodies, mainly due to the
absence of historical data for the frequency 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 centers within 1 hour if necessary. We have not implemented
this feature in our simulations, as it confounds the capability of the matching policy itself.
In our simulations, units with major antigens issued (or outdated) on the previous day
are replenished at the beginning of each day. Each of these units has a set of randomly
assigned minor antigens in accordance with the donor population prevalence. This policy
eliminates shortages 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 average
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 estimate of the expected number of
alloimmunizations per 1000 transfused 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 estimates 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 presented in Table 1 from the original paper
[186] reflect an exposure to two units. As we only model one exposure event, the final
penalty is therefore divided by two. The C# code for the simulations can be obtained from
the corresponding author upon request.




20 PREVENTING ALLOIMMUNIZATION BY MATCHING EXTENSIVELY TYPED RED BLOOD CELLS

2.3 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 reduction 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 A). 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
Rh(D) can, even for small inventories, provide a decrease in alloimmunization risk of 78.3%.
This risk can be further reduced when the matching is performed more centralized, for
example in distribution centers with larger inventories. In the largest scenario that was
analyzed (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 model by van Sambeeck et al. [194] (FM) ABO-Rh(D) 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.

[ ]
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Figure 1: Percentage of transfused units with antigen mismatches using the FM3 and
MINRAR issuing strategies for a random average daily demand of 100 RBC units (inventory
size 500 units).

2.4 D1ISCUSSION

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
substantial 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
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Figure 2: Expected number of alloimmunizations per 1000 transfused units using the
FM3 and MINRAR issuing strategies for five different sized inventories.

the magnitude of antigen exposure per transfusion episode. This favors 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 favorable 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 mismatch 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 [202], the viability of extended matching hinges on the availability of
extensively matched 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 quality
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 B, we show a comparison between the MINRAR model and this
optimal (retrospective) allocation. These results show that the allocation obtained by the
MINRAR strategy is close to the best possible allocation. The amount of alloimmunization
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preventable by retrospective issuing, relative to the MINRAR strategy, is comparable to
the expected alloimmunization induced by ignoring antigens C, M or S. 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 C, 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 heterogeneous population (80% Caucasian,
20% African descent), this increase is limited (4.9%). Lastly, we note that all the results
presented 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 immunogenicity
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 exponential 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. However, we have shown that matching on all clinically relevant antigens
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 inventory, 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 Rh(D)
alone. The decrease in alloimmunization risk for larger inventories indicates that more
advanced matching strategies, whereby the decision on RBC allocation is organized at
a more centralized level (e.g., at a large distribution center), 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 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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A SIMULATION RESULTS

In addition to the two issuing strategies mentioned in the main article (FM3 and MINRAR),
simulations were run for two other variants of the FM issuing strategy: the FIFO/MROL
model for antigens A, B, D, C, ¢, E, e, and K (FM8) and FIFO/MROL model for antigens
A, B,D,C,c,E, e, K, Fya+b, ]ka+b, M, and S (FM14). Both models force strictly compatible
matching on each of the antigens considered, and remaining antigens are ignored.

APPENDIX

Avg: daily Issuing % Shortages % Outdates Expected
(.iema.nd strategy (95% CI) (95% CI) alloimm.
(inv. size) (95% CI)
25 (125) MINRAR 0.8 (0.0-0.36) 0.0 (0.0-0.0) 0.68 (0.65-0.71)
25 (125) FM3 029 (0.0-0.61) 0.0 (0.0-0.0) 314  (3.08-3.19)
25 (125) FM8 651 (5.61-7.40) 059 (0.48-0.71)  0.76 (0.73-0.79)
25 (125) FM14 39.97  (39.06-40.87) 4.10 (3.60.0-4.61) 0.0 (0.0.0-0.0)
50 (250) MINRAR 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.56  (0.55-0.58)
50 (250) FM3 0.0 (0.0-0.0) 0.0 (0.0-0.0) 3.09  (3.04-3.13)
50 (250) FMS8 3.68 (3.34-4.01) 040 (0.3-0.5) 0.74  (0.72-0.76)
50 (250) FM14 29.80 (29.18-30.43) 2.65 (2.39-2.91) 0.0 (0.0.0-0.0)
100 (5000 MINRAR 0.0 (0.0-0.0) 0.0 (0.0-0.0) 042  (0.41-0.43)
100  (500) FM3 0.0 (0.0-0.0) 0.0 (0.0-0.0) 312 (3.09-3.14)
100 (500) FMS8 307 (2.81-3.33)  0.09 (0.06-0.11)  0.76 (0.75-0.77)
100 (500) FM14 21.16  (20.65-21.66) 1.52 (1.41-1.63) 0.0 (0.0.0-0.0)
200 (1000) MINRAR 0.0 (0.0-0.0) 0.0 (0.0-0.0) 031  (0.30.0-0.31)
200 (1000) FM3 0.0  (0.0-0.0) 0.0 (0.0-0.0) 311 (3.09-3.13)
200 (1000) FMS8 287 (2.67-3.06)  0.03 (0.02-0.04)  0.76 (0.75-0.77)
200 (1000) FM14 1459 (14.28-14.90) 0.84 (0.78-0.90) 0.0  (0.0.0-0.0)
500 (2500) MINRAR 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.20  (0.19-0.20)
500 (2500) FM3 0.0  (0.0-0.0) 0.0 (0.0-0.0) 311  (3.10.0-3.12)
500 (2500) FMS 247  (2.33-2.61) 0.0 (0.0-0.01) 074  (0.74-0.75)
500 (2500) FM14 934 (9.17-9.52) 034 (0.32-0.36) 0.0  (0.0.0-0.0)

Table 2: Complete overview of the simulations conducted. For five sizes of average
daily demand and four issuing strategies the percentage shortages, outdates and expected
number of alloimmunizations per 1000 transfused units was computed.

Note: A shortage is defined as the inability to allocate a patient with the requested number of units.
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B COMPARISON OF OFFLINE AND ONLINE RESULTS

To assess the performance of the MINRAR model compared to the best possible allocation
strategy in the long run, we have constructed an “offline” model. This model computes
an optimal assignment of RBC units to patients in retrospect, so after all donations and
RBC requests have been generated. This provides insight into the highest matching level
achievable, as this offline model can compute an allocation with complete information
on all RBC units acquired and requested for the full simulation. The performance of
these strategies will be expressed as the expected number of alloimmunizations per 1000
transfused units, which will be approximated as discussed in the main article.

The offline model must compute an optimal allocation over the entire simulation and is
therefore much more difficult to solve, as the solution space (the collection of all possible
ways to connect the RBCs acquired and requested) is very large. To reduce this complexity,
two measures were taken: 1) the time horizon for the simulation was limited to 100 days
only, and 2) the nonlinearity in the mismatch penalty was removed.

A 100-day period is still deemed representative of the steady state performance of the
MINRAR algorithm. Furthermore, although the offline model optimally allocates over 100
days, the results reported ignore the first four and last four weeks (implying that the actual
comparison is made over 44 days only). The reason for ignoring the lead-in and lead-out
period is that because the offline model has a start and endpoint, the allocation computed
close to those extreme points will not reflect steady state issuing and should therefore be
ignored.

Removal of the non-linearity of the y;; variables is achieved by computing a lower and
upper bound on the mismatch penalty. The upper bound was computed by splitting all
requests into individual requests for one unit. The lower bound was computed identically,
but each one-unit request could only receive a fractional mismatch penalty, where this
fraction was computed as 1/u, with u equal to the number of units requested for a patient.
In this way, the true expected number of alloimmunizations must be at least as large as the
lower bound optimum. Similarly, it can never exceed the upper bound optimum.

The matching in the offline model is compared to the normal MINRAR model, which
solves the allocation problem from day to day (so without any knowledge of future supply
or demand). The performance of the MINRAR model is dependent on the relative weight
of the different terms in the objective function. Especially the relative weight of the Major
Antigen Substitution penalty has a large impact on the matching quality. The reason for
this is that a high weight of this term means that the model will heavily penalize the
substitution of O-type blood to non-O patients. Therefore, there are fewer units available
for matching a specific patient (i.e., only the units of the identical ABO-Rh(D) blood type)
and therefore the minor antigen matching quality decreases. If instead the Major Antigen
Substitution penalty would be given little or no importance (and a corresponding weight),
then all ABO-Rh(D) compatible units can be considered per patient without penalties
for non-ABO-Rh(D) identical units. This results in a higher matching potential, but also
introduces the risk of future shortages for the O blood types. An ideal weight for this term
would thus be one that is just high enough to avoid the risk of shortages whilst still being
low enough so that a maximum matching potential remains.

In order to make a fair comparison between the MINRAR model and the offline model,
we use the optimal parameter combination for the MINRAR model for each scenario. These
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combinations were found by choosing the weight for the ‘major antigen substitution’ term
that minimizes the expected number of alloimmunizations whilst not having any shortages.
Note that in practice, such tuning could lead to a dangerously low proportion of O-blood
and is therefore not recommended.

Figure 3 shows a comparison between the MINRAR model and the optimal offline
allocation. Fach vertical pair of dot and range corresponds to a single scenario in which
for each model an identical set of RBC products for supply and demand were used. In
Figure 4 the expected number of alloimmunizations per 1000 transfused units is shown
using the FM3 issuing strategy. As this strategy matches on antigen A, B and Rh(D) only,
and the minor antigen matching is essentially left to chance. Figure 3 shows that for
each of the three inventory sizes tested, the performance of the MINRAR model is close
to the best possible allocation strategy. The gap between the MINRAR model and the
optimal allocation can be put into perspective using Figure 4. This comparison shows that
although the MINRAR model does not perform optimally, the margin to optimal allocation
corresponds to the amount of expected alloimmunization induced by ignoring the matching
for antigens like M, S or C. This indicates that the MINRAR model (after optimal tuning) is
able to match the majority of relevant antigens near a level that is optimal in an absolute
sense.
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Figure 3: Expected number of alloimmunizations per 1000 transfused units using the
MINRAR issuing strategy, compared to the optimal allocation as computed in retrospect.

Note: Each vertical pair of dot and range corresponds to the evaluation of a single scenario.
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Figure 4: Expected number of alloimmunizations per 1000 transfused units using the
FM3 issuing strategy.

C HETEROGENEOUS PATIENT AND DONOR POPULATIONS

RBC matching between individuals of different ethnicity is more complex than matching a
homogeneous population. To investigate the effect of varying the proportion of individuals
of African descent on antigen matching, we have used the MINRAR model as a tool.
Shown in the Figure 5 are the expected number of antibodies per 1000 transfused units to
Caucasian individuals as well as individuals of African descent. The results are aggregates
of one-year simulations of a 1000-unit inventory with an average daily demand of 200
units. Each pair of dots vertically aligned represents the result from a single simulation of a
specific heterogeneous population with a given percentage of Caucasians in both the donor
and patient population. The remainder the population is sampled based on the antigen
prevalences for individuals of African descent [203].

e
9

¢
>

=}
1%
(o}

e o
W R

]
oce

IS
¥
]
[©)
@)
o

Total alloimmunizations expected
=1

e
=)

0% 20% 40% 60% 80% 100%
Caucasians in donor and patient population

@ Individuals of Caucasian descent O Individuals of African descent

Figure 5: Expected number of alloimmunizations per 1000 transfused units to patients of
a specific ethnicity in a heterogeneous patient and donor population.

Note: In these simulations, the ethnic distribution in the donor and patient population is assumed to
be the same.
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The results confirm that individuals of African descent are best matched by RBC
units from donors of the same ethnicity. A clear trend can be observed showing an
increase in alloimmunization risk for individuals of African descent with an increase of
the proportion of Caucasian donors. Especially when 10% or less of the donated RBC units
are obtained from individuals of African descent, the corresponding patient population’s
matching quality quickly diminishes. The rightmost grey dot, where 98% of donors are of
Caucasian origin, shows that the 2% of patients of African descent are 50% more likely to be
alloimmunized as compared to Caucasian patients. Furthermore, we can observe that when
both the patient and donor population is comprised primarily of individuals of African
descent, the expected number of alloimmunizations per 1000 transfused units for patients
of this ethnicity is lower than that for Caucasian patients. This result is likely caused
by the fact that the antigen immunogenicities used in this analysis are based on a study
including Caucasian patients only [186]. Therefore, the risk of alloimmunization after
transfusion with RBCs donated by individuals of African descent may be underestimated
as the immunogenicity for the minor antigens considered will likely differ for transfusion
recipients of African descent. Furthermore, the antigens included (the same eleven antigens
as used in main article) were chosen as they were deemed relevant for the Caucasian
population. Therefore, alloimmunization against other antigens, possibly more prevalent
among donors of African descent, was not taken into consideration.




