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Abstract

Managing blood supply chain has been an important task in the healthcare system because it has to
confront not only blood demand and supply uncertainties but also complexities in blood inventory
management. In order to overcome these challenges, it is essential to explore the possible risks that could
occur in the blood supply chain and discover proper ways to manage these risks. Therefore, this research
aims to investigate risks in blood supply chain by using a proactive risk management tool called ‘house of
risk’ (HOR) model, in order to conduct risk assessment and evaluate risk management actions. A case
study of blood supply chain risk management was analyzed, and the HOR model was incorporated to
appraise the appropriate actions in the real situation. The results indicate that there are 30 risk events and
16 risk agents identified and assessed in the case study. The outcomes point out that lack of collaboration,
insufficient information for decision-making, and limited information sharing are the top 3 risk agents
that contribute to significant impact on blood supply chain management. Risk mitigation and management
actions were evaluated and the results show that enhancing the collaboration is the most proactive action
to manage risks in the blood service operations, followed by information sharing, and demand and supply
statistical analysis. The study has recommended the outlines for improving collaboration between blood
service organizations by using information system and technology to mitigate risks, complexities, as well
as uncertainties in managing demand and supply in the blood supply chain.
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Introduction

Supply chain management has played a significant role to strengthen the healthcare service system.
The growing health service demands have become key drivers to improve operation efficiency and
effectiveness as well as to achieve cost reduction and ensure quality of care [1]. The healthcare supply
chain management is much more complex than those in other industries. It has a greater degree of
variation because it deals with a variety of products, services, and medical practitioners. Moreover,
unforeseeable demands make the medical supply management too difficult to respond to the needs of the
patient. Consequently, the uncertain nature in the healthcare supply chain contributes to the occurrence of
risks which have direct impacts on people’s lives. Managing healthcare supply chain risks nowadays has
been so sophisticated that it has drawn attention from both researchers and practitioners to explore.
However, most research has focused on the medical and health risks with no integration of the risk
management in organizational and operational structures reported in the literature [2].

There are several types of supply chain risks classified in the literature. The Supply Chain
Operations Reference (SCOR) model has been utilized to classify those risks into 14 categories that
describe the vulnerabilities to which a supply chain can be exposed [3]. Healthcare industry is so dynamic
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that it generates risks in the clinical care issues as well as the business issues such as financial,
operational, and organizational risks. Moreover, risks in the healthcare supply chain are likely to cause
greater effects than those in the other industries because they have significant impacts on patient’s
mortality [4]. Basically, the healthcare supply chain is driven by several manufacturing and service
organizations to deliver services for patient care. Supply chain risks can be exposed to any operations in
the healthcare network which would lead to inefficient management, increased operating costs, and
inability to deliver sufficient services to the patient. For instance, blood transfusion is needed immediately
to save the patient’s life in most emergency cases. Delay risk in responding to blood acquisition could
affect the treatment and lead to the fatality of the patient. Moreover, there are many types of patients who
need blood for their cures such as cancer, anemia, and thalassemia patients. Risk in blood shortage would
cause the doctors to postpone the patient’s operations, which could in turn be harmful to their physical
and mental health.

According to the aforementioned risks, blood is considered one of the most important medical
resources in the healthcare operations. Demands of blood usage are uncontrollable. Blood supply is
acquired only from voluntary donors, and blood products are high variation and perishable, which make
matching between supply and demand as well as managing the blood inventory such complicated tasks.
Hospital blood bank has major responsibility to manage and utilize blood in the inventory in order to
avoid blood supply shortage and blood expiration. Blood Center has to provide safe, secure, and correct
blood products to hospitals in the network [5]. However, Blood Center has to manage blood collection
and distribution in the complex and uncertain environment which could possibly generate potential risks
to the blood supply chain network.

Statement of the issue

Blood service operations are important in the healthcare system [6]. Practically, blood service
operations mainly involve blood collection, processing, inventory management, distribution, blood-
banking management, and transfusion [7,8]. Blood Center collects whole blood from donors, processes it
into blood products at the Regional Blood Center and distributes them to hospitals in the network in order
to transfuse to patients in need. The main objective is to maximize blood utilization in such a way that
blood shortage and outdate rates are minimized. Most research in the blood supply chain literature has
focused mainly on the operations research discipline to study the ways to improve blood flow operations
by using simulation [9], optimization models [10-13], and statistical analysis [14,15].

Two common performance measures to assess blood management are the numbers of blood
shortage and of outdated units in the network [16]. Blood shortage would cause the postponement of any
patient’s treatment. In some emergency cases, the lack of blood supply could lead to an increasing rate of
fatality of the patient. The expiration of blood would cause an additional cost for blood disposition.
Practically, blood service professionals have focused on the safety and the quality issues of handling
blood in the supply chain. There are several potential risks associated with the blood operations which
could affect the overall performance in the healthcare network. However, there are a very few numbers of
studies that discuss the issue of risk in the blood supply chain. Thus, this research aims to conduct a
thorough investigation of risk management in the blood supply chain using a proactive risk management
model in order to perform risk assessment and evaluate management actions to mitigate those risks.

Materials and methods

This work initially provides brief details of risk definition and risk management along with the
implication of risk assessment in the supply chain perspective. The descriptions of blood supply chain
operations are presented in order to investigate the potential risks in the network. A proactive risk
management model was proposed as a tool to assess such risks. A case study of risk management in blood
supply chain in Thailand was examined in order to exhibit the application of the risk management model
in the blood supply chain.
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Risk and supply chain risk management

The risk definition could be a challenge to both academics and practitioners [17]. Risk itself is
frequently defined as functions of probabilities and consequences of uncertain outcomes [18]. According
to the supply chain perspective, March and Shapira [19] proposed the most well-known definition of risk
as the variations in the distribution of possible supply chain outcomes, their likelihoods, and their
subjective values. These variations affect the flows of information, materials, and/or finances throughout
the supply chain network. They must be managed effectively in order to mitigate the impact of risk
outcomes [20]. Tummala et al. proposed the risk management process (RMP) approach which comprises
risk identification, measurement, assessment, evaluation, and monitoring [21]. The main objective is to
identify and assess risks and evaluate the mitigation plan in the environment. The RMP approach has
become an essential tool for risk management in a supply chain. The purpose is to manage the potential
risks by evaluating their likelihood of occurrences, exposures, as well as triggers and losses [22]. The
evaluation of risk management could provide guidelines to perform risk mitigation actions. Therefore,
risk management is an important approach to handle uncertainties in complex supply chain management.

Several researchers have conducted literature reviews on supply chain risk management (SCRM)
over the past 2 decades. Juttner et al. illustrated the concept of SCRM and identified an agenda for future
research [23]. Vanany et al. employed a taxonomy review to investigate the SCRM literature which
emphasized the methodologies and the risk discovery [24]. Rao and Goldsby reviewed the literature on
SCRM and developed a typology of risks to assist vulnerabilities identification in the supply chain [25].
Colicchia and Strozzi also reviewed the literature to identify the growing patterns and trends in SCRM
[26]. These works have provided useful guidelines for researchers to make a clear understanding and
conduct ongoing research in the SCRM. Moreover, the main principle of SCRM is to identify, assess, and
prioritize supply chain risks in order to minimize, monitor, and control the occurrences and the impacts of
uncertain risk events [27]. There are numerous risk issues considered by researchers such as supplier
inefficiency [28], demand fluctuations [29], capacity and information [30], inventory [31], and outcome
uncertainty [32]. Also, there are several risks in operating the whole supply chain such as risks in external
and internal activities [33], as well as material, financial, and information flow risks [34,35]. Furthermore,
the study in SCRM should be addressed in 2 dimensions, which are supply chain risks and mitigation
approaches [36]. Thus, understanding the nature, sources and causes of supply chain risks would
contribute to an effective risk assessment and improved prioritizing the risk mitigation actions.

SCRM models

The SCRM has been developed based on the RMP approach in order to manage risks in supply
chains [37]. The SCRM models have been widely incorporated in various industries ranging from
advanced production to consumer goods manufacturing industries [38-43] as well as service industry
[44,45]. Moreover, some analytical methods such as simulation, stochastic model, and analytical
hierarchy process (AHP), have been incorporated to the SCRM in order to manage the risk in some
complex supply chains, such as dental and medical supplies [46], maritime transportation [47], and global
supply chain [48]. In term of risk in healthcare supply chain, there are not many studies found in the
literature. Hemaida [49] developed a risk-based audit plan for a local hospital based on multifactor
evaluation process. The results can be used to support the manager to reduce the operational risks in the
hospital. Kavanagh and Cowan [50] examined the risks in healthcare team and provided an overview to
reduce such risks. Okoroh et al. [51] studied the RMP in healthcare operation aspect using artificial
neural network technique. This work provided an awareness which can support healthcare managers to
evaluate the severity of risks on healthcare facilities operations. Agoston et al. applied a quality risk
management to identify and control potential risks in terms of quality and safety issues in the blood
supply chain [5]. Nagurney et al. [6] developed multicriteria system-optimization model to capture the
critical issues related to blood service operations including supply-side risk in procurement. However,
there is a lack in the study of risk management in the blood supply chain which can contribute to the
overall process in the network. Thus, the objective of this research is to examine the associated risks in
blood supply chain management based on a practical SCRM approach in order to assess such risks and to
prioritize the preventive actions.
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Blood supply chain network and its operations

Blood bank service is established in order to provide safe, secure, affordable, and available supply
of blood products from donors to hospitals in the region. Each hospital has a blood bank which has major
responsibilities for blood operations management in order to provide blood products for patients’
treatments. There are 3 main models to manage regional blood supply chain: (1) single center model; (2)
multiple independent centers model; and (3) coordinated multiple centers model [52]. The single center
model is a single community blood center which serves the entire demand of all hospitals in the region.
The multiple independent centers model is a group of collaborative community blood centers which serve
the blood demand of all hospitals in the region. Also, the coordinated multiple centers model is a regional
blood center which operates the activities of a group of community blood centers in order to fulfill the
needs of the hospitals in the region. According to these 3 networks mentioned above, there are 2
commons stakeholders in these 3 models, namely the Regional Blood Center (RBC) and the Hospital
Blood Banks (HBBs).

The flows in this supply-to-demand system consist of several logistics operations between RBC and
HBBs. The main activities of RBC are blood collection, processing and testing, component production,
inventory management, and allocation/distribution to the HBBs in its responsible region. Blood collection
is a process to collect the whole blood from donors, including volunteer donor recruitment and promotion.
Whole blood units are collected and tested in the laboratory for infectious agents. Blood units that pass
inspection will be processed into blood products and then stored in the inventory. Each RBC is
responsible for managing this inventory and allocating available supply units to hospitals according to
requisitions from the HBBs. The main processes of a regional blood center are shown in Figure 1.
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Figure 1 Main processes of a regional blood center in the blood supply chain
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Each HBB has to conduct blood inventory and operation management within the hospital. Doctors
are responsible for determining the quantity and groups of blood products required for patient’s treatment.
When available blood products are assigned for any patient, these units will be tested for crossmatching to
verify the blood compatibility with that patient. After crossmatching, blood will be stored in the assigned
inventory in blood bank. Practically, these crossmatched units may not always be used because the
doctors may postpone operations or there are blood units left after patients’ treatments. These un-
transfused blood units will be returned to the unassigned inventory if they do not expire. The duration
between assigning blood to a particular patient and releasing any unused units back to the inventory is
called the “crossmatched release period” (CRP). CRP is considered as a period for reserving blood. The
longer the CRP is, the higher probability it will be for the blood to expire before its use. The
crossmatched units will be transfused to the patient for treatment, and the patient will be periodically
examined for any transfusion reactions. The main processes of a hospital blood bank are shown in Figure
2.
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Figure 2 Main processes of a hospital blood bank.
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Blood supply chain management

Most research in the blood supply chain literature has focused mainly on the operations research
discipline. Several authors have applied simulation and optimization models as well as statistical analysis
to study blood operation problems throughout the entire supply chain. Pierskalla [7] studied on the supply
chain management of blood banks, including a strategic overview of the blood banking supply chain and
a discussion of a number of tactical and operational issues involved in this system. Katsaliaki [53]
simulated models of alternative policies in order to identify good practices that lead to cost reduction and
increased safety of the blood supply chain in the UK. Rytild and Spens [54] aimed to increase efficiency
in the blood supply chain by using simulation method to compare alternative operational policies in the
blood supply system in Finland. Delen et al. [55] presented a novel application of operations research,
data mining and geographic information-systems-based analytics to support decision making in the blood
supply chain management. Fontaine ef al. [56] analyzed the platelet supply chain performance to establish
an improved inventory management approach through collaboration between blood centers and hospital
transfusion services. Katsaliaki and Brailsford [8] analyzed policies for managing the blood inventory
system between a hospital and a regional blood center in order to determine improved procedures and
outcomes, leading to shortage and wastage reductions, increased service levels, and reduced costs.

The aforementioned review shows that the blood supply chain concept is essential to deliver safe,
affordable, and available supply of blood products from donors to patients in the network. Its performance
could be improved through collaboration among blood service organizations in order to save people’s
lives. Generally, there are 2 major performance measures for blood service operations assessment, which
are the shortage and the outdated rates of blood units in the network. Other vital assessment issues are
safety and costs. These key performance indexes are essential for outlining the concept of the future
research in the blood supply chain area, including risk management. However, there is no evidence of
related works that focus on the overall risks of the entire blood supply chain. Thus, this work would
propose a study to investigate the risk management in the blood supply chain in order to evaluate the
management actions for risk mitigation.

Using the house of risk (HOR) model to manage risks in blood supply chain

Pujawan and Geraldin [57] have proposed the house of risk (HOR) framework which was modeled
based on the SCRM context. They incorporated the concepts of Failure Mode Effects Analysis (FMEA)
and House of Quality (HOQ) to propose the HOR model in order to investigate the occurrence of risk
agents which could trigger the potential risk events as well as the evaluation of proactive actions. This
study initially stated that one risk agent could possibly trigger more than one risk events based on the
FMEA concept. Therefore, the model will be used to evaluate the risk events and the related risk agents
separately. Moreover, it is necessary to assign the relationship between each risk agent and the related
risk events that are corresponding to that agent in order to calculate the aggregate risk potential of a risk
agent (ARP). ARP is generally used to rank the risk agents according to their significant level, and the
HOQ concept is applied to prioritize the preventive actions based on the value of ARP of each risk agent.

The HOR framework consists of 2 functional models for risk assessment and risk mitigation
planning. The prioritized risk agents are determined using HOR1 model, and HOR2 model is used to
prioritize the preventive actions in order to handle that risk agent. The HORI1 is carried out to identify any
potential risk events in each process and conduct severity assessment along with identifying risk agents
and measuring their likelihood of occurrences. Then, the relationship matrix is constructed to define the
correlation between each risk event and each risk agent and to calculate the ARPs for ranking risk agents.
For the risk evaluation and mitigation planning, the HOR2 is deployed to evaluate the preventive actions
and to decide which actions are effective according to the difficulty level of implementation. Risk agents
with high rank will be selected to assess the preventive actions in order to mitigate one or more possible
risk agents. The relationship between each action and risk agent is assigned to compute the total
effectiveness of each action. The degree of implementation difficulty is assessed to calculate the total
effectiveness to difficulty ratio in order to prioritize each mitigation action. The action with high rank will
be selected as an effective risk mitigation plan for a proactive risk management. The framework of HOR1
and HOR2 models is presented in Figure 3.
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Figure 3 House of risk framework.

The HOR framework is a useful risk management tool which can be applied in practice with the
calculation using a simple spreadsheet application. Several analytical methods can be integrated into the
HOR model for making the identification of risk events and associated risk agents as well as the
evaluation of proactive actions more quantifiable. For example, the HOR model has been used for
managing risks in lean implementation in a manufacturing company [58] and a new food product
development [59]. The HOR framework has also been applied in the SCRM of frozen shrimp [60] and
furniture [61] supply chains. The HOR framework is a proactive model which is used to identify potential
risk events, assess the probability of occurrence of risk agents, and analyze the relationship of each risk
event and agent in the supply chains. The model is able to evaluate the preventive actions based on the
effectiveness and the difficulty to implement each action. Thus, it will be advantageous in terms of times
and costs, and practical to apply the HOR framework in order to conduct the risk management in the
blood supply chain. The results could further support the practitioners in blood service organizations to
assess the potential risks and to determine the preventive actions in the context.

Study settings

This research was conducted in the largest province of Thailand in which the Regional Blood Center
5 is located. This RBC is a single center model that serves more than 60 HBBs in 4 provinces. The RBC
operates blood collection, blood processing, and blood production as well as blood inventory management
to serve the needs of all HBBs in the network. When there are requests from the HBBs, the RBC has the
responsibility to distribute blood products to them. Thus, it is vital for the RBC to control and monitor its
blood inventory in the blood center. Each HBB has to work closely with the RBC in order to share the
essential blood demand information and manage patient blood demand fulfillment appropriately.

This work applied SCRM as a research method to study risk management in the blood supply chain.
Typically, RMP consists of risk identification, risk measurement, risk assessment, risk evaluation, and
risk mitigation planning. However, several qualitative and quantitative-based methods have been
proposed to manage more than one risk in the supply chain. Initially, for the risk identification, we
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reviewed literature together with the functions of the RBC and the HBBs to study their fundamental
characteristics and processes in order to examine the outcomes of incorporating proactive risk
management in the blood supply chain. Opinions of experts and practitioners in the real context have been
sought to elaborate on what can go wrong and how to response to any wrong actions or decisions so that
the framework of this study could be outlined properly. The preliminary study has identified that demand
and supply uncertainties together with blood shortage and outdated issues are the key risk factors in
delivering blood services. To measure and assess the risk, we applied integrated quantitative methods, the
FMEA and the QFD, of the HOR model to explore risks in the blood supply chain. The HOR1 is used to
assess the risks in the blood service operations. The HOR2 is applied to evaluate such risks and then find
out the proactive ways to handle these risks. Furthermore, process to manage the whole blood supply
chain has been proposed to conceptualize the blood service operations. However, in this study risks are
assessed not only in terms of safety and quality, but risks in the entire blood service operations are also
evaluated. The research framework is shown in Figure 4.
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Figure 4 Research framework.
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Results and discussion

Risk event identification and assessment

Risk events are identified in the blood supply chain management based on document reviews and
panel discussions with the experts and the practitioners in the field. We provided a guideline on
identifying “what the potential risk is in each process” and brainstormed to unravel “what can go wrong”
in managing blood operations for future risk event identification and assessment. There are 30 risk events
identified throughout deep interview and brainstorming with the participants. In the RBC, there are 19
risk events identified in blood supply chain processes, 7 of which are associated with collection, 3 with
blood processing, 4 with storage, 2 with distribution, and 3 with transportation. In the HBBs, there are 7
risk events associated with blood banking management, 3 with requisition, and one with transfusion.

A modified Delphi technique was applied to obtain the severity assessment of each risk event. We
held the meeting to collect the risk events’ severity assessment from 10 well-experienced participants.
The participants consisted of the head directors, the mid-level practitioners, and the experienced staff
from the RBC and the HBBS, and the other healthcare supply chain experts. During the meeting,
assessment data were collected repeatedly using questionnaires for the participants. Then, feedbacks were
offered to the participants for their verifications. The severity values of the risk events, varying from 1 to
10 [62], indicate the impact of each risk. A value of 1 shows almost no risk effect while a value of 10
indicates an imminent risk impact to the blood supply chain. The entire identified risk events and the
severity assessments in this study are presented in Table 1.

Table 1 Identified risk events and severity assessment in the blood supply chain management.

Main process Activity Risk event Severity Code
Blood Collection
Demand Management Demand collection planning error 8 E,
Inadequate collection 10 E,
Donor Management Inaccessible promotion of blood donation 8 E;
Discontinuous monitoring of blood donors 6 E,
Donor Screening Failure donor screening 8 Es
Blood Collection Quality and safety during blood donation 8 Es
Standardization of blood collection in E,
donation 8
Blood Processing
Processing Blood product production forecasting error 5 Eg
Testing Lack of blood infection test kit 8 Ey
Disposal Safety disposition of positive units 9 Ej
Blood Storage
Inventory Management  Inappropriate blood inventory level 8 E;;
Insufficient demand responding to hospitals 10 E;
Shortage of emergency stock units 10 E;;
Disposal Safety disposition of expired units 5 E.,
Blood Distribution
Issuing Improper blood issuing (age) 7 E;s
Allocation Improper blood allocation (units) 8 Es
Blood Transportation
Quality Control Unstandardized blood packing in delivery 8 E;;
Transportation Unstandardized blood transportation vehicle 8 Es
Delay in transportation 8 E
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Main process Activity Risk event Severity Code
Blood Banking
Demand Management Patients’ demand planning error 8 Ez
Blood Requisition Inadequate blood allocated 9 E;
Delay in blood allocated 7 E,,
Blood Bank Management Blood shortage 10 Ex;
Queuing error in blood reservation from E,,
doctors 5
Inappropriate blood inventory level 5 E,s
Disposal Safety of expired units disposition 5 E
Brood Requisition
Requisition Exceeding blood requisition in actual usage 6 E,;
Crossmatching Urgency of blood compatibility testing 7 Ejs
Inventory Management  Outdated of unused blood 8 Eyg
Blood Transfusion
Safety Control Blood transfusion reaction 9 Ez

Identification of risk agents and evaluation of their occurrences

In this stage, we provide a summarized knowledge of the supply chain risks and uncertainties from
the literature in order to suggest the participants how to identify the risk agents using relevant historical
data and documents. The risk agents identified in the discussion consist of 16 issues as shown in Table 2.
The probability of each occurrence is evaluated for each risk agent by the participants using the same
criteria as in the previous step. The assessing scale varying from 1 to 10 is used to evaluate the probability
of each occurrence, where 1 represents an event that almost never occurs and 10 means an event that is
almost certain to happen.

Table 2 Identified risk agents and probability of occurrence values in blood supply chain management.

Risk agent Occurrence Code
Delays in allocation and distribution 5 A,
Disruptions in logistics processes 3 A,
Unstandardized packaging in delivery and transportation 5 A;
Complexities in inventory processes 8 Ay
Exceeding blood requisition in actual usage 8 As
Delay in blood cost payment 7 Ag
Improper blood demand analysis 6 A;
Insufficient information for decision-making 10 Ag
Lack of trust 8 Ay
Lack of collaboration 9 A
Problems in quality control 6 Ay
Insufficient capacity 6 A
Inexperienced staff 3 Az
Problems in safety issue 5 Ay
Limited information sharing 8 As
Uncertainties in demand and supply 10 A
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Evaluation of relationships between risk agents and risk events

Generally, the relationship matrix of the House of Quality method is constructed to evaluate
correlations between customer’s requirements and performance measures in a product/service
development. It has been used widely in manufacturers and services development such as electronics,
home appliances, construction equipment, and agricultural engines as well as swimming schools and
retail stores [63]. The correlation values are assigned by respective indexes such as 9-3-1, 4-2-1, or 5-3-1
where zero represents no correlation between each pair. In the HOR1 model, the relationship between
each risk agent and each risk event (R;) is evaluated with a single value of 0, 1, 3, or 9, where 0
represents no correlation and 1, 3, and 9 represent low, moderate, and high correlations, respectively. For
example in Table 3, A; has high correlation value of 9 on E;, Eg, and E;;, indicating that improper blood
demand analysis would definitely affect the inaccuracy of demand collection planning, blood product
production forecasting, and blood inventory level, respectively. In contrast, A, has no relationship with
E;y, suggesting that complexities in inventory processes do not result in any blood transfusion reaction to
the patient.

The correlation value between each risk agent and each risk event is used to calculate aggregate risk
potential score for risk agent j (ARP;). The higher the ARP; value, the more impact that risk agent j is.
The risk agents with high ARP; values will be selected for risk preventive and mitigation measures. ARP;
score is obtained by multiplying the probability of occurrence of risk agent j (O;) with the summation of
the product of each severity of risk event 7 (S;) and the correlation value between risk agent j and risk
event i (R;) as shown in Eq. (1).

ARP; = 0; % SiRy; (1)

The HOR1 model is presented in Table 3. The risk events (E,) are in the far left column, the severity
values of each risk event (S;) are in the far right column, and the correlation values between each risk
agent j and each risk event 7 are also shown in the matrix. For example, ARP},, which is aggregate risk
potential score for risk agent 10, is calculated by multiplying the probability of occurrence of risk agent
10 to the summation of the product of corresponding correlation values and severity of associated risk
events. ARP, is calculated as shown in the following formula;

ARPjg = 9 X [9(10+10+7+8+8+9+10) + 3(8+8+6+5+8+10+5+5+7+8) + 1(8+8+8+8+8+7+6+9)] = 7,272

Risk agent 10 has the ARP,, value of 7,272, which is the highest ARP; value and rank k of Py is
assigned value equal to 1. Each ARP; is ranked in ascending order according to the descending values of
ARP;’s. The results in Table 3 show that lack of collaboration (A ), insufficient information for decision-
making (Ag), and limited information sharing (A;4) are the top 3 risk agents that have significant impacts
on blood supply chain management. Surprisingly, delay in blood cost payment (As) does not have or has
minimal impact on the blood service operations.
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Table 3 HORI results of the blood supply chain risk management.
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Risk evaluation and mitigation planning

The Pareto analysis was conducted as a diagram as shown in Figure 5 using ARP; scores to
elucidate the risk agents that contribute to remarkable impact on the blood supply chain. The results can
be interpreted that there are 7 significant risk agents which contribute to approximately 65 percent of the
total ARP; value. These 7 risk agents are lack of collaboration (A ), insufficient information for decision-

making (Ag), uncertainties in demand and supply (A;4), exceeding blood requisition in actual usage (Aj),

improper blood demand analysis (A;), limited information sharing (A;s5), and complexities in inventory

(A,), respectively.
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Figure 5 Pareto diagram of ARP scores for all risk agents.

The HOR2 model is used to identify and prioritize appropriate management actions for the blood
service organizations using the values of total effectiveness of proactive action (TE;) and the difficulty
degree of each action (D;). Eight preventive and mitigation actions are proposed from brainstorming
discussion with relevant participants to lessen these remarkable risk agents. These actions are supply
chain visibility (MA;), tracking and traceability (MA;), information sharing (MA;), enhancing the
collaboration (MA,), demand and supply statistical analysis (MAj), audit planning in network (MAy),
online data system in network (MA;), and actual demand planning (MAy).

Each management action can be implemented to mitigate more than one risk agents. The
relationships between each management action and each risk agent (Ej) is assigned a single value of 0, 1,
3, or 9, representing no correlation, low, moderate, and high correlations, respectively. The total
effectiveness of each action k& (TE;) is calculated to obtain a score of the effectiveness of each
management action, where Ej;; represents the correlation value between risk agent j and risk action k. TE,
is computed as shown in Eq. (2).

The TE, scores are used to arrange each management action & in descending order based on their
effectiveness values. In reality, appropriate actions are neither cost-effective nor efficient resource
utilization options. Hence, it is important to evaluate the ease of action implementation factor. This factor
is defined as difficulty degree of each action (Dy). This degree reflects the complications to implement
each risk management action in blood supply chain management such as time, resource, cost, technology,
and so on. The Dy is classified into 3 levels, consisting of low, medium, and high with the scores of 3, 4,
and 5, respectively. The total effectiveness of proactive action (TE;) and difficulty degree of each action
(Dy) are gathered from the participants’ opinion in order to quantify the total effectiveness to difficulty
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ratio (ETDy), calculated by ETD, = TE, /D,. Finally, each management action is assigned the rank (R;) in
a descending order by their ETD; scores to prioritize the proactive actions. The actions with the higher
ETD; scores are the recommended approach for managing risks in blood supply chain management.

The HOR?2 results are presented in Table 4. The risk agents are in the left column, the ARP; scores
are in the right column, the management actions are listed in the top row, and the correlation values
between each action and each risk agent are evaluated in the matrix. According to the HOR2 results, MA,
has high correlation on A,y As, As, and A;s, which points out that enhancing the collaboration could
reduce the likelihood of occurrence of lack of collaboration (A,y), insufficient information for decision-
making (Ag), exceeding blood requisition in actual usage (As), and limited information sharing (A;5). On
the contrary, MAy has no correlation on A4, meaning that audit planning in network does not relate to the
uncertainties in demand and supply. Thus, enhancing the collaboration (MA,) is first prioritized with R; =
1, which is the most proactive action for managing risks in the blood supply chain management.
Information sharing (MA;) and demand and supply statistical analysis (MAj5) are arranged in the second
and the third ranks, respectively, while tracking and traceability (MA;) seems to be a less effective and
more difficult action to implement for risk management in the blood service operations.

Table 4 HOR?2 results of the blood supply chain risk management.

Management Actions
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Code Details MA,; MA, MA; MA, MA; MA, MA, MAg
A;p Lack of collaboration 9 3 9 9 3 9 9 1 7,272
Ag  Insufficient information for decision-making 9 3 9 9 3 3 9 3 6,800
Ajs  Uncertainties in demand and supply 1 1 3 3 9 0 1 3 5,760
As  Exceeding requisition in actual usage 3 1 9 9 9 1 9 9 5,440
A;  Improper blood demand analysis 3 0 9 3 9 1 9 9 4,464
A;s  Limited information sharing 9 1 9 9 3 9 9 0 4,352
A, Complexities in inventory processes 3 3 3 3 0 1 1 1 4,200
Total effectiveness of each action (TEy) 213,888 70,368 284,832 258,048 196,248 139,120 264,912 138,288
Difficulty degree of each implementation (D) H(5) H(5) M(4) L3) L@3) L(3) H(5) L(3)
Effectiveness to difficulty ratio (ETDy) 42,788 14,074 71,208 86,016 65416 46,373 52982 46,096
Rank of priority (Ry) 7 8 2 1 3 5 4 6

Discussion

Risks in blood supply chain management have been investigated by using HOR framework. The
advantage of the HOR1 model is an ability to prioritize significant risk agents with high probability of
occurrences and trigger associated risk events with high severities in the first step. The triggering concept
is also applied in the HOR2 model to evaluate risk management actions in which each action can mitigate
more than one risk agents. Finally, these actions are evaluated based on their effectiveness and their
difficulty to implement each action. The HORI results demonstrate that there are 7 significant risk agents
which contribute to approximately 65 percent of the total aggregate risk potential value as shown in
Figure 5. However, the underlying results point out that demand management and inventory management
processes in both RBC and HBBs are highly affected by these risk agents, especially in uncertainties in
demand and supply, insufficient information for decision-making, improper blood demand analysis,
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complexities in inventory processes, and lack of collaboration. In demand management processes, the
uncertainties will cause the errors not only in patient demand planning in the HBBs but also blood
collection planning in the RBC. These consequences probably occur because not only the medical
professionals cannot determine the actual needs of blood units for patient’s treatments but also the
practitioners in Blood Center cannot forecast the amount of the blood collection. It can be concluded from
the study that lack of collaboration for patients’ demand planning in the HBBs would affect blood
collection arrangement in the RBC, which subsequently causes an inadequate blood demand fulfillment in
the blood supply chain.

Blood inventory management fundamentally has 3 key measures of performance, which are
shortage rate, outdating/wastage rate, and operating costs [64]. According to these key performance
measures, the inventory management is a complex task because it involves operating the blood collection,
blood production, storage, and distribution from the RBC to respond to the diverse demand in the HBBs.
In the RBC, whole blood is collected from donors and it is processed to test for infectious agents as well
as determine the blood group. The blood production process is to componentize whole blood into blood
products such as red blood cells, platelets, and plasma, whose shelf lives and storage regulations are
different. RBC has to define the inventory policies to maintain adequate stock levels in order to ensure
sufficient supplies for the HBBs and avoid shortage as well as to lower operating cost. In the HBBs, each
blood bank manager is responsible for blood products requisition from the RBC in order to fulfill
patients’ demand in the hospitals as well as managing blood products inventory to avoid wastage from
outdating. Each hospital has a different blood requisition pattern based on its targeted stock level for daily
usage and the experience of the blood bank manager. The HBBs have to provide actual demand
information in their hospitals to the RBC so that the RBC can manage its blood collection and inventory
more effectively. It is strongly recommended that the RBC and the HBBs have to enhance their
collaboration and information sharing in order to minimize miscommunication and risks in the blood
supply chain.

The HOR2 model is developed to identify and prioritize management actions to mitigate risks in the
blood service organizations. The evaluation of the proposed actions is based on the effectiveness and the
difficulty to implement each action. The results of HOR2 are presented in Table 4. There are 4
management actions which contribute to approximately 65 percent of the total effectiveness to difficulty
ratio value. These actions are enhancing the collaboration, information sharing, demand and supply
statistical analysis, and online data system among network. It can be concluded that the management
actions to mitigate risks in the blood supply chain mainly involve the issues of collaboration between the
RBC and the HBBs. Collaborative Planning, Forecasting, and Replenishment (CPFR) is an information
sharing process that aims to increase visibility in a supply chain by cooperative demand planning between
stakeholders in the network [65]. The CPFR can be applied to enhance the coordination of the RBC and
the HBBs for blood demand forecasting and supply planning in order to manage the uncertainties in the
network. The actual blood demand of patient will be analyzed and the results can be used as the input for
blood collection planning for the RBC. For example, each HBB can store the blood information (types,
groups, units, and usage periods) and use as input data for future blood demand analysis. Moreover, such
information can be transmitted to the RBC to use for blood collection planning and blood components
production. This could result in reducing blood unit shortage. The information sharing among the network
may increase burdens on the storage and analysis, however, the obtained information is useful for
reducing difficulty and risks in managing blood inventory. The accuracy of the information achieved is
beneficial for the future planning, otherwise, it may produce another risk to the system.

The visibility of demand information will reduce the uncertainty in blood fulfillment process and
contribute to the improved blood management throughout the network. However, collaboration aspect
has not been mentioned in any literature to use as a tool to improve inventory performance in the blood
supply chain. The blood inventory management research in UK suggests that collaboration with other
departments within and across the organizations contributes to the enhanced blood utilization in the
inventory [66]. The collaborative inventory processes between the RBC and the HBBs should be
improved by using real-time data communication tool, such as the web-based system. The online network
system allows the blood center and the hospitals to communicate promptly and easily, which is a solution
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to mitigate risks and ease complexities in the inventory processes. The management information system
(MIS) is a tool to process the data to obtain the rational information in order to support the decision
making in the blood service operations. The MIS can be connected between each hospital and the RBC,
and used as a mechanism to manage blood inventory more systematically and to better provide the
essential information in order to reduce the uncertainties in demand and supply in blood operations
management. Practically, the MIS can be used to manage blood demand, blood collection planning, blood
components production, blood allocation, and blood inventory. The online system is needed to transmit
the accurate and up-to-date information on the sharing network. The ability to track blood stock level and
expiration dates could enhance the efficiency of blood inventory and blood allocation management.
Moreover, obtaining blood shelf live information would allow the RBC to rotate the nearly expired units
to the hospitals in urgent needs. This could reduce the outdated rate in the system.

Conclusions

This research applied a house of risk (HOR) framework, which is a proactive risk management
model to manage risks in the blood supply chain. The entire blood supply chain network consists of blood
collection, processing, inventory management, allocation/distribution, and transportation from the blood
center to hospital blood banks as well as blood requisition and transfusion within the hospitals. The
research framework is proposed to illustrate the cooperation of the practical risk management process and
the HOR model which are connected to the blood service operations in the supply chain network. The
case study from real situation of blood supply chain risk management is provided to demonstrate the
application of the HOR model for managing risk in the healthcare supply chain context.

In the first phase of risk assessment, the HOR1 model was used to identify risk events and risk
agents and to assess their severity and likelihood of occurrence values. The correlation matrix was
constructed to assign the relationship values between each risk event and each risk agent. The risk agents
were prioritized by a calculation of their aggregate risk potential values (ARP) to indicate the significant
risks in the blood supply chain management. There are 30 risk events and 16 risk agents identified and
assessed in the study. The HORI results indicate that lack of collaboration, insufficient information for
decision-making, and limited information sharing are the top 3 risk agents that have significant impact on
blood supply chain management. On the other hand, delay in blood cost payment does not have nor has
minimal impact on the blood service operations. The next phase of risk evaluation and mitigation
planning was to evaluate the management actions based on the effectiveness and the difficulty to
implement each action using the HOR2 model. The HOR2 results demonstrate that enhancing the
collaboration is the most proactive action in order to manage risks in the blood supply chain, followed by
information sharing, and demand and supply statistical analysis. The discussion contributes to provide the
risk management approaches, which are useful guidelines for practitioners and managers to establish the
risk mitigation plan in the blood service organizations.
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