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Ch 1
Introduction

1.1 Blood transfusion and blood products
An effective health system should contain a blood service that provides patients with safe
and sufficient blood. Blood transfusions are used for various treatments; around 118.5
million units of donated blood are collected globally every year [1]. The blood donation and
collection process varies significantly across the world, reflecting local policies, cultural
attitudes, and healthcare infrastructure [2–5]. After a ‘whole blood’ donation, the blood
obtained from the donor is processed and separated into three main components: red blood
cells (RBCs), platelets (PLTs), and plasma [6]. This separation is typically achieved through
centrifugation processes, where product quality and functionality is preserved by strictly
controlled production methods and storage conditions [7–9]. Apheresis is a process in
which dedicated machines extract specific components (such as PLTs, plasma, or RBCs)
directly from the donor by centrifuging the donated blood during donation, while the
remaining blood components are returned to the donor’s circulation [10–13].

RBCs are the most commonly transfused blood products [6]. RBCs are administered
to increase the recipient’s oxygen-carrying capacity [14], which can be required in
cases of acute or chronic anaemia, haemorrhage, critical illness, sepsis, acute coronary
syndrome with ischaemia, acute or chronic blood loss or decreased erythropoiesis [15, 16].
Besides, exchange transfusions can be adminstered in cases of sickle cell disease (SCD),
severe parasitic infection (malaria, babesiosis), severe methemoglobinemia, or severe
hyperbilirubinemia of the newborn [16].

PLT transfusion is indicated for patients who have a severe deficiency of circulating
PLTs (thrombocytopenia) or those with functionally abnormal PLTs (thrombocytopathy)
[6, 17, 18]. The goal of PLT transfusion is to provide the recipient with a sufficient number
of normally functioning PLTs to stop or prevent bleeding [18]. Patients who receive
prophylactic PLT transfusions are chronically thrombocytopenic due to chemotherapy,
bone marrow transplantation, or suffer from bone marrow conditions such as aplasia or
myelodysplasia [19]. PLT transfusions are considered ‘therapeutic’ if they are administered
to control active bleeding, whether due to thrombocytopenia and/or PLT dysfunction [20].

Plasma is used for many purposes [21–23], but mainly for treatment and prevention
of bleeding in patients with coagulopathy and as replacement fluid in plasma exchange
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[24]. Plasma products include fresh frozen plasma and Omniplasma. Fresh frozen plasma
is a product derived from a single donor, while Omniplasma is a product made by pooling
several hundreds or thousands of plasma units [25]. In the Netherlands, Omniplasma has
become the standard product in plasma transfusion and plasma exchange for adults since
2014 [26]. It contains plasma proteins, which are important for maintaining normal clotting
properties [27].

1.2 Blood transfusion complications
Transfusion guidelines are based on prioritizing the avoidance of transfusion-related
complications, conserving resources to ensure the availability of blood for those who need
it most [16]. Transfusion-related complications can be either infectious or non-infectious
[6], with non-infectious complications being significantly more common; up to 1,000
times more likely than infectious complications [28]. Potentially fatal non-infectious
complications of blood transfusion include [29]:

◦ Transfusion-associated circulatory overload (TACO) [30–35] constitutes 32% of severe
transfusion reactions in the Netherlands [36]. It is a significant and potentially
life-threatening complication, characterized by an overload of the circulatory system.

◦ Transfusion-related acute lung injury (TRALI) [37–45] also remains a concern,
although in the Netherlands fewer cases were reported over the past years [46].
TRALI usually happens within 6 hours of a transfusion, where the donor’s antibodies
against white blood cells attack those of the recipient in the microcirculature of
the lungs [29]. It is presented as a sudden onset of breathing problems like rapid
breathing, bluish skin, and shortness of breath, along with low oxygen levels and
decreased lung function despite normal heart function [45].

◦ Hemolytic transfusion reactions (HTRs) [47–52], although occurring much less
frequently than the complications mentioned above [36], can significantly impact
patient health. HTRs are caused by immune destruction of transfused RBCs, which
are attacked by the recipient’s antibodies to the A or B antigens or alloantibodies to
other RBC antigens produced following immunization through a previous exposure
[6]. In acute HTR, there is a destruction of the donor’s RBCs within 24 hours of
transfusion [29].

◦ Hemolytic disease of the fetus and newborn (HDFN) is a condition where maternal
antibodies target fetal RBCs, leading to their destruction [53, 54]. This occurs due to
blood group incompatibility, andmanifests in various severities, frommild jaundice to
severe anemia, hydrops fetalis, and stillbirth [55, 56]. Treatments include intrauterine
transfusions and postnatal treatments like phototherapy and exchange transfusions
[57, 58].

◦ Transfusion-associated graft-versus-host disease [59–65] is an immune attack against
the recipient’s tissues and organs by donor lymphocytes which engraft, multiply,
and launch an immune attack against the recipient.
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◦ Anaphylaxis [29, 66–71] is a response of the patient’s immune system to various
proteins contained in donor plasma. Donor IgA given to a recipient who is
IgA-deficient and has existing anti-IgA antibodies can often cause anaphylaxis [29].

◦ Post-transfusion purpura [29, 72–76] is marked by a rapid drop in platelet levels,
or thrombocytopenia, occurring 7 to 10 days post-transfusion. It affects those with
prior antibodies against a specific platelet antigen (e.g. by pregnancy or transfusion).
The antibody destroys the recipient’s own (antigen-negative) PLTs as well.

The Zwaginga et al. report [36] notes a decrease in the number of reported transfusion
reactions compared to previous years, with 1152 reactions recorded in 2021. This translates
to 2.27 reactions per 1000 blood components, slightly lower than the average of 2.52
from 2016 to 2020. Despite this decrease, many cases of transfusion reactions are still
reported, emphasizing the need for more research into these reactions and reduction of
their frequency.

The ABO blood group system, discovered by Karl Landsteiner [77], remains important
in transfusion medicine. ABO antigens are naturally present on the RBC surface, yet they
may also be passively absorbed onto their surface. In 1954, it was discovered that PLTs also
express ABO antigens [78, 79]. Although PLTs do not intrinsically express antigens A and B
of the ABO blood group system on their surface, they can absorb them from plasma [80–82].
Besides, the study of Schonewille et al. [83] shows that PLT products containing RBCs can
also lead to the formation of antibodies against antigens on the membrane of these RBCs.
Apart from the A and B antigens that are absorbed by PLTs, intrinsic antigens are also
expressed on their membrane: human platelet alloantigen (HPA) and human leukocyte
antigen (HLA). Patients who receive frequent PLT transfusions sometimes become less
responsive to PLT transfusion, which is known as “refractoriness”. This is caused by the
development of antibodies to foreign HLA, or the development of PLT-specific antibodies,
causing a requirement for special HLA- or HPA-matched PLTs [18, 79].

For RBCs more than 300 intrinsically expressed antigens are known [84]. As recent
advances in RBC genotyping have created the possibility of extensive typing of donors and
patients, possibly allowing for large-scale extensive RBCmatching in the foreseeable future,
which would reduce alloimmunization rates [85–90]. Alloimmunization is the development
of antibodies against foreign antigens following exposure through transfusion, pregnancy,
or transplantation, leading to complications such as HTRs or HDFN [91–98]. Patients
with autoimmune hemolytic anemia (AIHA), SCD, thalassemia (Thal) and myelodysplastic
syndrome (MDS) are advised to be matched for the most prevalent alloantigens, since
observational studies indicate a high probability of alloimmunization for these groups
[18, 99–110]. Women under the age of 45 (Wu45) should receive products compatible on
the major blood types as well as on antigens c, E and K, to prevent alloantibody formation
and HDFN [18].

1.3 The blood supply chain
Many aspects are important to be considered when designing and managing a blood
supply chain (BSC), such as the careful assignment of blood products to patients to prevent
complications as discussed in Section 1.2. Furthermore, transfusions should be planned
or even predicted [111], and the blood product inventory of hospitals and DCs requires
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sophisticated managing to prevent product outdating and unnecessary transports. The
blood bank’s fixed and mobile donation centers1 must be strategically located for efficient
transportation and for encouraging donors to donate [112]. Also, donor invitations need
to be organized such that sufficient blood products can be produced, while dividing the
donation pressure over the donor population.

A particular combination of properties are distinguishable for the BSC, requiring
special consideration when optimizing parts of the supply chain. These include product
perishability, uncertain supply and demand, and ethical aspects related to blood donation
and transfusion [16, 112]. The ethical considerations involve both the voluntary aspect of
blood donation, and the requirement of maintaining high service levels to ensure patient
safety.

Perishability of blood products
Managing perishable (blood) inventories is a complex task, which can result in high
wastage, storage, and donation costs if not done properly [111, 113]. For this reason Duan
and Warren [114] and Dehghani et al. [115] argue that supply chain optimization models
must include shelf lives of blood products to prevent shortages and reduce waste. Suen
et al. [116] proposes the integration of frozen PLTs into the supply chain to reduce wastage
and manage the inherently uncertain demand for PLTs. Plenty other studies have been
done on other types of perishable inventory systems [117–120].

Stochasticity of supply and demand
The unpredictability of demand and the variations in supply must be considered for
inventory management and distribution strategies of blood products. Torrado and
Barbosa-Póvoa [111] therefore review various optimization strategies within the BSC
focusing on sustainability and robustness against the unpredictability of demand and supply.
Williams et al. [121] provide a review on the use of quantitative methods for blood collection
from donors, describing appointment scheduling, crisis situations, location/clinic planning,
staff utilization and vehicle routing. Dehghani et al. [115] and Atcha et al. [122] explore
how blood product sharing between hospitals can help reduce wastage and shortages in a
network of hospitals with uncertain demands. Shih and Rajendran [123] and Zahiri et al.
[124] propose an inventory management model that addresses these uncertainties, as well
as Dillon et al. [125] and Shokouhifar et al. [126] who also incorporate the limited shelf-life
of blood products. The inventory management and transportation model proposed by
Dehghani et al. [115] can dynamically respond to fluctuations in blood supply and demand.
Conversely Hosseini-Motlagh et al. [127] consider worst-case scenarios, ensuring that
the system remains effective even under adverse conditions using robust optimization.
BSCs during disasters and emergencies are also widely studied [128–134], as these are
particularly sensitive to the unpredictability of supply and demand.

Ethical concerns
Reflecting on the code of ethics of the International Society of Blood Transfusion (ISBT),
Farrugia and Del Bò [135] outline ethical concerns and propose an ethical framework to

1https://www.sanquin.nl/bloed-doneren/locaties
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guide decisions in the BSC. Ethical considerations include moral obligations towards donors
and recipients, such as the aim of not wasting blood that was voluntarily donated, and equal
quality treatment for all patients, taking their respective needs into consideration. Several
studies discuss the importance of incorporating ethical considerations into supply chain
management [136–138]. Katsaliaki et al. [139] introduce a game-based approach to facilitate
decision-making in BSCs, which incorporates ethical dilemmas to train professionals in
handling complex ethical situations. Weaver et al. [140] examines the ethical considerations
of directed blood donations during national shortages, reflecting on the balance between
individual patient needs and the public interest.

Donors and recruitment
The foundation of a stable blood supply lies in a reliable cohort of recurring blood donors
who donate voluntarily, without financial compensation. Of the total 95.2 million whole
blood donations reported globally in the year 2021, 82.8% were voluntary non-remunerated
donations, 15.9%were family or replacement donations, 0.2%were paid blood donations, and
for 1.2% donations this information was unknown [141]. Motivations for blood donation
are varied, including altruism, personal satisfaction, and social influence [142]. Many
donors find joy and a boost to self-esteem in the act of helping others. Additionally, social
networks play a role, with peers influencing donation decisions [143]. By encouraging
current donors to recruit their friends and family, a ripple effect can be created, expanding
the donor pool through personal connections [144]. Positive experiences during previous
donations further reinforce the habit and motivation to continue donating [145]. Moreover,
Paul et al. [146] emphasizes the importance of optimizing recruitment strategies through
contractual agreements between blood banks and hospitals, while Veldhuizen [147] provides
insights into donor profiling. Despite being associated with potential health risks and
ethical concerns, incentivized or paid donations can be used to increase the donor pool and
reduce blood shortages [148]. Many parts of the world offer incentives such as free health
checks, gift vouchers, or entry into lotteries, which can effectively increase the number of
blood donations [149, 150].

Storage and distribution of blood products
At Sanquin, the blood supply service of the Netherlands, blood donation centers are open
five days a week. Donors get invited based on their blood type (Table 1), and can make their
appointment online2. The donated blood is transported to Sanquin’s processing facilities,
where whole blood is split into RBCs, PLTs and plasma, relevant antigens are determined
and the blood is tested for infections. The resulting blood products are stored at any of the
seven DCs located throughout the Netherlands. Hospitals can place B, A2, or A1 orders
[151] to request products for their patients. B deliveries are made once or twice per day at
predetermined times, while A1 and A2 orders are placed when a product is required before
the next B delivery, but not available in the hospital’s inventory. A1 orders must be delivered
within 1 hour, while A2 orders may take longer. During storage and transportation the
blood products need to be kept at specific temperatures to maintain product quality and
prevent spoilage. RBCs are stored between 2°C and 6°C, PLTs between 20°C and 24°C, and

2https://www.sanquin.nl/mijnsanquin
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plasma below –18°C. Special equipment like refrigerators, PLT incubators, deep freezers,
and transport containers equipped with cold storage devices are necessary to achieve these
conditions [152–154].

20221 20232
Population

frequency4

Registered donors (% of
inhabitants Netherlands3)

402 762 (2.3%) 429 716 (2.4%)

Number of whole blood
donations yearly (per donor) 393 987 (1.24) 384.998 (1.14)

Number of registered
whole blood donors
(% of total)

O+ 115 568 (36.3%) 122.899 (36.3%) 39.5%
O- 36 934 (11.6%) 39 474 (11.7%) 7.0%
A+ 98 956 (31.1%) 105 909 (31.3%) 35.0%
A- 25 474 (8.0%) 26 625 (7.9%) 7.0%
B+ 23 022 (7.2%) 24 712 (7.3%) 6.7%
B- 5 344 (1.7%) 5 716 (1.7%) 1.3%
AB+ 10 178 (3.2%) 10 510 (3.1%) 2.5%
AB- 2 525 (0.8%) 2 575 (0.8%) 0.5%

Table 1: Donation statistics in the Netherlands.

Note: 1 Stichting Sanquin Bloedvoorziening [155], 2Stichting Sanquin Bloedvoorziening [156],
3Centraal Bureau voor de Statistiek [157], 4World population review [158].

1.4 Optimization of the blood supply chain
Technological advancements and digital transformation have led to the development of
various models to improve the blood supply chain (BSC) [159]. Multiple PhD theses were
dedicated to the development of models and algorithms to improve the processes of blood
collection, storage, and distribution [160–162]. Various approaches are used for these
optimizations, and generally simulation used for testing the strategies found [163].

Mathematical optimization models are commonly applied to optimize BSCs [164, 165].
A Mixed-Integer Linear Programming (MILP) model was used for implementing extensive
RBCs, to improve blood compatibility and reduce adverse reactions [166]. Similar methods
were applied for the integration of various aspects of the BSC such as location, routing,
production and inventory decisions [118, 167, 168]. For the management of BSCs in crisis
situations, robust optimization models are generally used, incorporating uncertainties such
as demand and supply fluctuations [129, 130, 169].

A robust dynamic mathematical model was introduced by Ezugwu et al. [170] for
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blood allocation, focusing on ABO-Rh compatibility. Dynamic programming approaches
[171] and other innovative strategies [172, 173] have been used for finding inventory
replenishment policies for perishable and substitutable (blood) products. Besides, stochastic
dynamic programming was implemented to optimize blood platelet production [174, 175].
Stochastic optimization models have been used to determine the optimal locations for
mobile collection sites, aiming to maximize donor participation and minimize operational
costs [176].

Machine learning algorithms such as Neural Networks (NNs) or time series analysis
have been extensively used for forecasting blood demand [119, 177–180]. Reinforcement
Learning (RL) and Deep Reinforcement Learning (DRL) were also introduced to manage
perishable products within healthcare supply chains, demonstrating promising results
[180, 181].

1.5 Thesis outline
Research as discussed in Section 1.4 emphasizes the ongoing need for innovation in the
field of blood supply chain management due to its complexity and remaining challenges.
The studies included in this dissertation describe innovative data-driven strategies for
improving various aspects of the BSC. These studies contribute to blood product utilization
and patient safety by focusing both on extended RBC matching and on logistical challenges,
providing a holistic approach to optimizing the BSC.

Part I
Part I covers several approaches for extensive RBC matching. Alloimmunization from RBC
transfusions can cause HTRs due to phenotype incompatibilities between donor and patient.
Advances in RBC genotyping make it possible to extensively type both donors and patients,
potentially allowing for large-scale extensive matching of RBC units in the foreseeable
future. Extended preventive matching covers not only the ABO-Rh(D) blood groups but also
includes other relevant minor antigens: C, c, E, e, K, Fya, Fyb, Jka, Jkb, M, N, and S. The
approaches proposed in this part of the thesis were designed to deal with the challenges of
the blood supply chain discussed in Section 1.3; the RBC matching is performed aiming to
minimize perishing of inventory products, with only partial information on future demand,
and including knowledge on patient types and their needs to achieve high matching quality
for all patients. This contributes to the existing knowledge by demonstrating how advanced
genotyping can be integrated into BSC management. The methods proposed address both
immediate and long-term challenges in blood product usage and patient safety, aiming for
a more resilient and efficient blood supply in the future.

Chapter 2
In this chapter we propose the MINRAR model for matching extensively typed RBC
units to extensively typed patients to minimize the risk of alloimmunization. The main
contribution of this chapter is the introduction of a new matching algorithm, using antigen
immunogenicity to represent the clinical implication of a mismatch. Despite an exponential
increase in phenotype variety, we show that matching extensively typed RBCs can both
effectively and substantially reduce alloimmunization risk without introducing additional
outdating or shortages.
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Chapter 3
Next, we redefine the MINRAR model by considering both antigen immunogenicity and
the clinical impact of mismatches for specific patient groups. The updated model achieves
a similar number of mismatches as the original MINRAR model, yet shifts mismatches
among patient groups and antigens, reducing expected alloimmunization consequences.
We also quantify potential improvements obtained by sharing information on scheduled
transfusions within the BSC. As sharing information allows for a more strategic blood
product distribution, substantial reductions in mismatches and shortages can be obtained.
This chapter illustrates the importance of patient-centered matching strategies, and of
information sharing between hospitals and the blood supply on blood products required in
the future.

Chapter 4
In this chapter we use the model proposed in Chapter 3, but focus on minimizing long-term
alloimmunization rates in patients requiring regular transfusions. Whenever alloantibodies
are formed against an antigen, these complicate future transfusions, as the patient can never
bemismatched on that antigen again. This is particularly critical for sickle cell disease (SCD)
patients, who need blood transfusions every six weeks. We use machine learning models
to find relationships between the short-term policy parameters and several long-term
goals, aiming to identify optimal parameter settings. This chapter not only describes
improvements in RBC matching strategies but also yields generic insights applicable to any
domain where short-term strategies are required but where at the same time long-term
goals are pursued as well.

Chapter 5
In the previous chapters MILP approaches were implemented to optimize policies for
extensive RBC matching. However, these methods are limited by the requirement of
carefully designing the policy in terms of objectives with pre-defined weights. In this
chapter we aim to achieve better matching performance by using a Deep Reinforcement
Learning (DRL) algorithm that learns from analyzing and improving the long-term impact
of policies applied by simulation. Although our proof-of-concept approach does not yet
perform at the level of the best currently available MILP approaches, it is expected to
be able to produce better outcomes if further developed. This chapter contributes to
existing literature by introducing RL into blood matching algorithms, offering a flexible
and potentially more effective alternative to traditional optimization methods.

Part II
In Part II several other aspects of the blood supply chain (BSC) are discussed. These aspects
reflect two of the BSC challenges discussed in Section 1.3: perishability and stochasticity.
Both issues, or in fact the interaction between them, leads to the need of estimating future
blood demand (Chapter 7), as well as the need for good inventory management to prevent
wastage (Chapter 8). In the Netherlands, the remaining gap between the effectiveness of
these strategies and an unexpected demand is bridged by the blood supply service, by
promising hospitals a within one-hour delivery time for emergency orders. This delivery
requirement is crucial when determining optimal locations for blood distribution centers
(Chapter 6).
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Chapter 6
In this chapter a MILP approach is applied to find optimal distribution center (DC) locations
for supplying individual hospitals. Besides minimizing transportation cost, a common
objective in literature, themodel proposed alsomaximizes the number of hospitals reachable
from any DC within one hour. The model was applied to optimize DC locations in the
Netherlands and Finland. The case study of the Netherlands showed that besides reducing
the transportation cost, the number of DCs could also be reduced to limit facility exploitation
costs. It was shown that this can be achieved without compromising the one-hour time
limit for emergency deliveries.

Chapter 7
In this chapter we propose a novel autonomous blood demand forecasting system.
According to current literature, no single blood demand forecasting approach is guaranteed
to maintain the best predictive performance over time. The autonomous system proposed
makes use of a method selection heuristic to constantly supervise and adapt the prediction
method in order to maintain predictive performance even when changes in underlying
demand mechanisms occur. By applying the method to demand data from Finland and
the Netherlands, we demonstrate its ability to provide robust predictions of future blood
demand.

Chapter 8
In this chapter, we explore the application of Deep Reinforcement Learning (DRL) to
optimize hospital platelet (PLT) inventory management. Given the short shelf life of PLT
products and the necessity of matching based on both antigen compatibility and product
processing requirements, this study investigates the potential of DRL for minimizing
product wastage, reducing emergency orders, and equally distributing donation pressure
amongst donors of different blood groups. Two DRL agents were developed: one for
ordering and another for matching decisions, both trained via simulation. We demonstrate
that DRL is able to learn effective policies over time, outperforming the benchmark model
in certain scenarios, and showing much potential in others. The approach provides valuable
knowledge, illustrating both the challenges and opportunities of using DRL in a real-world
hospital application. Suggestions are provided for future improvements in data gathering,
agent communication, and training methodologies.


